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PREFACE

This section was prepared by Grumman Aerospace Corporation
for Raytheon as the final report on the Mechanical System and Flight
Operations tasks of Preliminary Analysis and Concept Definition. The
baseline MPTS assumed for these tasks was derived from tlie prior
if : feasibility study (Reference 4). The principal difference between
S o this baseline and the system description that evolved during the Con-

PPN

ceptual Design Phase was the increase in weight of the MPTS waveguide
to reflect an increase in wall thickness to 0.5 mm. This increase

does not materially effect the study results since the structure de-

é% { gf sign driver is the thermal environment, and the orbital transportation-
; - assembly costs are normalized to cost per unit weight,

A similar evolution to higher weight took place in the estimate o
for the solar photovoltaic power source used as an example for the ' ?
complete SPS. The preliminary and final estimates are as follows for -
an aluminum-amplitron configuration and 5 GW ground output power: |

Prelimina Final -
, f
B | Weight - ka x 10° Weight - kg x 10° |
. Solar Array 9.8 11.8 ‘
? Transmitting Ahtenna 1.7 6.1 (*)
i 11.5 17.9

(*) Final Transmitting Antenna Weight - kg x 106

Power Distribution 0.51 ?
Converters 2,22 f
Antenna 3.33 |

6.06
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Section 1

INTRODUCTION

The objective of the Gruniman study effort is to provide refined inputs for mechanical
gystems, structure and thermal control for Raytheon's overall iLvestigation of the Micro-
wave Power Transmission System (MPTS). This system will be used to transmit, receive
and control large amounts of power from space. Grumman's efforts identified structural
design options, the driver pardameters for both weight and cost, and established require-
ments for the structural and flight operations systems.

An orbiting electric power station has several major elements: the power source or
converter, the electrical power distribution system and the microwave generator/ _
transmitting antenna. An aptenna can be hypothesized that would be independent of the
power source except for the mechanical control system interface. The purpose of Task 1,
Preliminary Design, was to évaluate this nmiechanical interface. To achieve the depth
needad to galn an understanding of accuracy and stability, a power source and spacecraft
had to be selected. Because more ddta on physical ¢haracteristics were available on the
Satellite Solar Power Station (SSPS), this power source/spacecraft was used in the pre-
liminary assessment.

Selection of the antenna structure required evaluation of 1) basic antenna geometry,
2) the impact of MW conversion thermal waste on structural material selection and feasible
structural flatness, and 3) the mode of transportation and assembly. A broad matrix of
antenna geometries, structural materials and transportation modes have been evaluated.
Figure 1-1 summarizes this matrix of design options considered during the Tadsk 1
Preliminary Design Phase.

The three materials, aluminum, graphite/epoxy and Kevlar polyimide, were selected
on the basis that they represent a broad range of strength, weight, cost and theimal
characteristics. Aluminum represents a low cost, high weight option that would thermally
limit the power level selected for the system. Graphite/eposy represents a material with
excellent therinal expansion characteristics, high strength and low weight. Kevlar polyimide
would be low weight at modest cost with a resin that could withstand a high temperature
environment.
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The four transportation modes selected for Task 1 represent the near term Space
Transportation System capabilities. A Transtage was seleéted, both in an éxpendable and
reusable version, #s being most representative of the performarce of the Interim Upper
Stage (IUS). A Full Capability Cryo Tug was used to represent the STS performance
capability in the 1984 time frame. The fourth option, Shuttle/Low Altitude Asseniuly, was
introduced into the matrix to determine the impact of assembly altitude on overall system
selection.

Antenna geometry options include a rectangular grid and a radial spoke siructural
layout. Both these structural arrangements are acceptable in terms of available layouts
for the power distribution system. Antenna diameters between 0.7 to 1.4 km were in-
cluded in the design matrix after Raytheon's preliminary results indicated that optimum
systeni performance would fall within these bounds.

The Task 1 study logic for control analysis and thermal structural analysis and cost
parametrics are outlined in Fig. 1-2. The output of the three principal tasks are recom-
mendations for a limited number of control system, structural and flight operations options
for detailed concept definition in Task 2.

The limited number of design options recommended in Task 1 were evdluated in
greater detail in Task 2, Concept Definition, using the study logic shown in Fig. 1-3. In-
formation generated during Concept Definition will permit Raytheon to carry out technical
and economic evaluation leading to selection of a single configuration to be the basis for
ground demonstration test.

Flight plans were generated for assembly of the SSPS at a low altitude which is within
the performance range of the Shuttle with integral OMS, and at an altitude above the Van
Allen belts. Traffic rates and fleet size requirements were established for a one and two
year assembly period. Packaging densities of SSPS components were considered in
establishing the method of assembly using manipulative devices, maneuvering units, and
EVA. Assumptions concerning degree of human skills are outlined as well as the potential
capability of support ancillary equipment. Sensitivity analysis of various levels of ground
prefabrication compared to corresponding levels of orbital assembly was performed to
determine the most cost effective approach to structural assembly.
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Antonna general arrangemeats, interface drawings and weight statements are in~
1. 4 in this document for use during the remainder of the MPTS studies. Detall thermal
and structural evaluations have been performed to determine the limitations the structure
impose on electronic layout and phase front control concepta. Mechanical options to a
fully electronic control system have been identified and are shown to desensitize the
tolerance on structural assembly accuracy and impact of thermal deflections over a wide
range of sun-to-spacecraft geometries. ’
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Section 2

SUMMARY

2.1 TASK 1 - PRELIMINARY DESIGN
2.1.1 Control Analysis

Qualitative estimates of requirements and desf';n options for untenna mechanical
steering indicates that pointing accuracy of better taan 1 arc-min can be achieved. The
mechanical system, if integrated with the electronics microwave beam phase front control,
could improve overall system efficiency with minimal impact on system weight and cost.

Figure 2-1 summarizes the design environment for mechanice) steering. The antenna
gravity gradient torques are & major externally induced disturbance. Other factors, such
as torque caused by solar oressure, or electromagnetic forces, are small. The most
significant torque is the friction torque at the rotary joint. This torque varies as a function
of system power level and power transfer technique. Base motions of the SSPS are caused
by normal limit cycle operations and by solar array bending dynamics.

Figure 2-2 is a composite of system accuracy and torque requirements as a function
of mechanical control system frequency. An azimuth accuracy of 40 arc-sec can be
achieved with a control system frequency of 1 rad/sec. This control frequency would re-
quire 1, 020,000 N-m (750, 000 ft-1b) peak control torque (measured on load side of the
gear train). This control system frequency is well above the first structural frequency of
the SSPS and antenna. Peak horsepower requirements at 1 rad/sec is 0.18 und 1.75 hp
in azimuth (East-West rotation) and elevation (North-South rotation), respectively.

A review of top level methods for implementing mechanical steering favors a motor-
gearing mechanical system as opposed to a reaction jet system. Because control system
frequéncies are well above the first structural bending frequencies, no instabilities are
foresecen. A mechanical system could be configured against wear by providing sufficient
redundancy. The reaction jet approach, in which jets are mourted to the antenna, would be
advantageous because the antenna structure could be more readily isolated from spacecraft
dynamics than a mechanical system using gear trains. The shortcomings of the jet system,
however, include:

o N o
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¢ Requirement. for propellant resupply
e Contamination of waveguide functions.

Figure 2-3 lists mechanical system options condidered-in Task 1 and identifies con-
figurations recommended for Task 2 Concept Definition. Also included in Fig. 2-2 are

‘recommended technology studies which could provide a more optimum design. Fower

clutches or rotary transformers are power transfer advanced space techniques that could
lead to a reduction in interface friction, and increased life. Spur gears are recommended
for the gear train, but a diréct drive motor system would elimindte gears and may be easier
to implement, provided sufficient accuracy could be achieved. Individual rollers are recom-
mended as baseline because of ease of implementation. Ball bearings offer an advantage in
terms of lower friction torques and should be considered as an alternate. DC brush torque
motors are recommended; however, linedr induction motors may show advantages in terms
of life and inherent capability to isolate the spacecraft dynamics from the antenna dynamics.

2.1.2 Thermal/Structural Analysis

A thermal/structural analysis has been carried out to determine deformations to be
used in establishment of requirements for phase front control, and to determine cost and
weight factors for overall system selection.

© 2,1.2.1 Preliminary Design Options

Figure 2-4 i8 a weight comparison of principal structural design layouts. The rec-
tangular grid approach was found to be lighter than the radial spoke arrangement. Two
compression member designs were considered; 4 singular tube, 100 m long, and a
triangular girder with thin walled circular tubes at the apex with cross tubes and diagonal
wire bracing. The triangular girder approach was found to be significantly lighter than the
singular tube. ‘

Assesgnient of structural deflections included analysis of load, thermal and assembly
tolerance induced deformations. The assembly tolerances were found to be the largest
source of deformation * 1th a worst case tip deflection of 0,17 degree. Deflections due to
thermal bending can be kept below 1 arc-min if thermal gradients between the upper and
lower primary structural caps can be controlled to less than 4°K. Deflections due to loads

were found to be insignificant.
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2.1.2.2 Thermal Evaluation

Prelimindry therinal analysis ofthe MPTS centered about studies that would indicate
the sensitivity of temperature level and thermal gradient on antenna size, power level,
microwave converter selection, and distribution.

5.1.2.2.1 Temperature Level - Structural temperature levels, material and antenna size
combine to place limitations on the power that can be transmitted by the antenna. Figuré 2-5
chows the 1imit power level for anténna diameters between 0.7 and 1.4 km. Aluminum,
epoxy and polyimide are shown as representative materials. Alumimim and graphite/epoxy
lose their strength characteristics at approximately 450°K. This limits system power
levels for 1 km diameter antenna to 17 gw with a 90% efficient microwave converter and to

4 gw with 4 70% efficient converter. Limit power levels can be significantly increased

with the use of polyimide composite materials.

2.1.2.2.2 Thermal Gradient - Figure 2-6 presents the thermal gradients between primary [
structural caps for distances of 40 and 90 meters. The trend indicates that to limit tip N
deflections to l¢ss than 1 arc-min, the average distance between caps should be somewhat - "
less than 40 meters. This would keep temperature gradients below 4°C. The worst

case thermal gradients occur when the antenna microwave surface shades the structure

from the sun.

2.1.3 Design Options and Groundrules for Task 2 Concept Definition -

Task 1 resulted in recommendations that a frequency of 2.45 GHz be selected and
four configurations of elotted waveguide transmitting arrays be studied in Task 2. These
configurations involve combinations of amplitrons with aluminum structure and array,
amplitrons with graphite composite structure and array, and a klystron with the same two
materials.

Task 1 also showed that a 5 gw ground output power level would be a reasonable
choice for all Taek 2 study vehicles, An antenna diameter of 1 km was selected based on
the relative insensitivity of this parameter to overall system cost and performance.
Figure 2-7 summarizes the guidelines for Task 2 study.
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FUNDAMENTAL PARAMETERS

DESIGN POWEH SOURCE
FREQUENCY
GROUND OUTPUT POWER (ty+6 YR)
USEFUL LIFE
TRANSMITTING ARRAY:

TYPE

STRUCTURE

MATERIAL

PHASE FRONT CONTROL
DC-RF CONVERTER
HEAT TRANSFER

RECEIVING ANTENNA

SOLAR PHOTOVOLTAIC
2.45GH2

5 GW

30 YR

SLOTTED ARRAY
RECTANGULAR GRID — GIRDER
(1) ALUMINUM
{22 GRAPMITE EPOXY

(1) COMMAND
(22 COMMAND PLUS ADAPTIVE

(1) AMPLITRON
(2) KLYSTRON

CONDUCTION-RADIATION
{NO HEAT PIPE}

RECTENNA

TRANSPORTATION-ASSEMBLY (1) SHUTTLE ORBITER/CRYO TUG/SEPS
— HIGH ALTITUDE ASSEMBLY
(20 SHUTTLE ORBITER/SEPS-LOW
ALTITUDE ASSEMBLY
PROVISIONAL PARAMETERS
TRANSMITTING ARRAY:
DIAMETER 1KM 2
ILLUMINATION EXP (-2.30 ("7}
RADIATED POWER 6.45 GW
SUBARRAY SIZE 18M X 18M
AMPLITRON OUTPUT POWER 6KW
AMPLITRON EFFICIENCY 85%
KLYSTRON QUTPUT POWER eXW
KLYSTRON EFFICIENCY 75%
PEAK GROUND POWER DENSITY 23 mwlem?
RECTENNA SIZE 10 km X 13 km

Fig. 2-7 Task 2 Baseline Design Guidelines
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2.2 TASK 2 - CONCEPT DEFINITION

2.2.1 Mission Analysis

The mission analysis effort objective was to define flight scenarios for subsequent
assessment of transportation system performance requirements. Figure 2-8 is 4 top level
functional flow of the SSPS assembly sequence. Two flight plans for asgembly and transport
to geosynchronous orbit were developed:

e Low altitude assembly and transport to geosynchronous using solar electric
propulsion (SEP)

e Assembly just above Van Allen belts and transpoit to geosynchronous using SEP.

A baseline SSPS, Fig. 2-9 was assumed for mission analysis and subsequent esti~
mates of traffic models and fleet sizes. Performance capabilities of the transportation
system are summarized in Fig. 2-10. Shuttle performance of 66, 000 1b (29, 400 Kg) can:
be expected up to an altitude of 190 n mi. The Cryo Tug, used in the flight plan with
assembly at 7000 n mi, has a payload capability of 36, 800 1b (16,700 Kg) in a Tug recover-
able mode.

SEP size and performance data for the two flight modes are presented in Fig. 2-10.
A SEP system efficiency of 0.7 and a specific weight of 15 1b/kw (6. 8 Kg/kw) was assumed
in the stage sizing. The 0.7 efficiency is equaled or exceeded by today's technology.
Overall system specific weight is consistent with projected solar cell weights for the SSPS
itself. Specific weight of the power conditioning and subsystems is based on a projected
four fold improvement in technology (using today's technology would result in an overall
system specific weight of 65 1b/kw = 29.5 Kg/kw).

A 190 n mi assembly site would require continuous orbit keeping propulsion to com-
pensate iur air drag. Figure 2-11 indicates that uncorrected air drag effects would result
in assembly entry after one to 16 months depending upon configuration M/C dA The spread
in M/CdA (0.175 to 1.75) is indicative of the SSPS configuration with solar blankets
deployed and retracted. A 16-1b thrust (70 newton) SEDP stage would be required for the
orbit keeping function. A propellant expenditure of 44 Kib (20, 000 Kg) is projected.

2.2.2 Antenna Structural Definition

The MPTS antenna is 1 km in diameter by 40 meters deep, Fig. 2-12. The antenna
is assenibled in two rectangular grid structural layers. The primary structure i8 built-up
{h 108 x 108 x 35 meter bays using triangular girder compression members 18 meters long
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MISSION PLANS
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SEPS
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® SEPS
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Fig. 2-10 Mission Options
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and 3 meters deep. The socondary structure 18 used as suppoit points for the waveguide
subarrays and 18 built up us 18 x 18 x 5 meter bays. The total antenna structure/mechanical
gystem welght is 622 x 103 Kg using aluminum and 411 x 103 Kg using graphite/epoxy

(or polyimide).

The antenna-to-spacecraft interface uses a 360° rotary joint for antenna motion per-
pendicular to the orbit plane (azimuth joint) and a limited motion rotary joint, + 10 deg,
for North-South pointing (elevation joint), Fig. 2-13. Two slip ring assemblies (0ne for
plus power and one for power return) are uséd for power transfer across the azimuth
rotary joint and flex cable is used across the elevation joint. Both the azimuth and '
elevation joint drive assemblies utilize a geared rail about the diameter of the support ’
structure and four DC brushless motor driven roller assemblies. 1

The structure to waveguide interface uses three gimballed screw jack assemblies 4
(Fig. 2-14) to provide a mechanical tuning system for aligrment of the waveguides after |
construction. Up to 40,5 cm of linear motion can be used to correct thermally induced ‘
antenna tip deflections and can also be used to correct a maximum expected 4 arc-min |
subarray misalignment. ‘

Figure 2-15 is a typical conceptual design of 2 mechanical locking mechanism for }
structural joints. The girder interconnect f'tting is simflar to a docking drogue which
utilizes a spring-loaded ball lock for fastening with the tri-beam end fitting.

2.2,3 Configuration Analysis
2.2.3.1 Thermal Analysis |

A refined thermal analysis of the antenna conceptual design concentrated efforts on
the following: ' ‘

e Selection of the tri-beam element longefon cross section to miinimize maximum
temperature and thermal gradients "

o Identifying the limit waste heat at the center of the antenna as a function of
structural vertical member material

e Defining range of thermal gradients between primary and secondary structural
caps as a function of sun position relative to the antenna.

Figure 2-16 presents the maximum tehiperatures and thermal gradient across three
candidate structural cross sections: tubular, rectangular hat, and triangular hat. The
tube is the worst from a thermal standpoint. The use of aluminum tubing near the center

2-14
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' i of the antenna will not be possible with this geometry. The rectangular high hat design is

not ah attractive structural geometry but does offer an improved temperature picture.
The triangular hat design has the lowest maximum temperature level and minimum-
gradient of the concepts considered. Aluminum construction of the tri-Beam horizontal
members can be considered with this cross section.

The temperature profiles along the horizontal structural tri-beam caps were evaluated
for various orbital positions during the equinoxes and solstices. Figure 2-17 presents th.
expected variation in thermal gradierts between primary and secondary structural caps.

The average primary structure thermal gradient is approximately 5°K at the center of

the antenna, The expected variation in this gradient is + 1°K. The thermal gradients be-
tween secondary structural caps are small, 1/2° + 1/4°K, and do not present a significant
thermally induced deflection environment.

The vertical columns of the structhire have the sameé view of the antenna surface and
space, and consequently cannot be readily configured with coatings, insulation or geometry
selection to minimize peak temperatures of the material. Eigure 2-18 presents the maxi-
mum waste heat flux that will be experienced by the vertical columns for microwave
converter efficiency of 85% and 70%. Eighty-seven percent of the waste heat generated by
the converters is assumed radiated toward the structure. The parameter p is a scaling

. factor for the shape of the Gaussian distribution of microwave converters on the antenna

surface. Limitations as to the taper of this distribution must be imposed depeading upon
the structural material selected. A near uniform distribution (1.5 to 1) must be used if
the structure is aluminum or graphite/epoxy (70% converter efficiency). Selection of
graphite/polyimide would be compatible with a desirable 10:1 taper for th: converter
Gaussian distribution.

2.2.3.2 Structural Analysis

The Task 2 strurturdl analysis objective was to refine the design of the structural
members and fo perform a detailed assessment of thermally induced deflections. The
following sumrmarizes these assessments:

¢ Thn principal applied load for structure design is that induced by inertial response
of the control system during breakaway from the 1.0 x 106 N.m slip-ring torque.
This torque equates to a 100 1b (440N) end load on the upper and lower members.

2-19
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e The optimized graphite/epoxy triangular hat longeron design is shown in Fig. 2-19
for a 460°K environment. Thé 20 mil thick material is compoged of tén layers of

2-mil graphite fibers.

¢ The range of thermally induced deflections and local slope are presented in
Fig. 2-20. Variations in slope with variations in orbital position exceeds 1 arc-min

for an aluminum structure. The glope variations from a mean or average deformity
is well within limits for graphite/epoxy. Assessment of secondary structure
deformation shows that the worst deflections occur at the tips of the antenna, with
maximum deflections not to exceed 10.5 mm over any one 18 x 18m subarray.

2,2.4 Assembly
2.2.4.1 Detail Parts Assembly

Sensitivity analysis of various levels of ground prefabrication compared to corre-
sponding levels of orbital assembly was performed to determine the most cost effective
approach to antenna structural assembly. Figure 2-21 outlines the three approaches which
span the possible options for detail part fabrication. Case I assumes manufacture of
articulated lattice tri-beams on the ground. These designs can be compressed to 1/30 of
its deployed length for convenient packaging in the Orbiter. Case II assumes that the

~ ground fabricates the lohgerons and intercostal elements of the tri~beam and that assembly

of the beam is performed in a space station. Case III assumes ground personnel prepares
flat stock with appropriate coatings for installation into an automatic manufdcturing module
in space.

Figure 2-22 summarizes the pertinent characteristics of these approaches. Although
the articulated lattice beam is an efficient packaging arrangement, the packaging density in
the Orbiter is extremely poor. As much as 440 Shuttle flights would be required for delivery
of the 470 Klb (213 x 103 Kg) antenna structure. Transport of beam elements provides an
improved packaging density, depending upon the cross-section selected. The number of
crew members, however, required to fabricate the finished beam in space in a reasonable
time would require deployment of as many as 24 12-man space stations. In-orbit auto-
matic matufacture of the structural members appear to provide the clearest road to a low
cost detail parts assembly method.

2-21
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2.2.4.2 Structural Assembly

Analysis concentrated on the most frequeritly used operation in the antenna structure
assembly, namely, the time and motion assessment of joining beams. Assembly costs are
generally a strong furction of the quantity and compléxity of the assembly operation. In
the estimate, for example, of aircraft structural assembly, the major cost driver is the
number of parts and the type fastener used. In the antenna structure and waveguide inter-
face design, simple mechanical locking mechanisms similar in concept to a docking probe/
drogue was utilized when possible. Since most of the assembly will involve this type of
operation, detail evaluations were performed on this beam assembly procedure.

Figure 2-23 outlines the antenna structure assembly flow. Assembly starts with
installation of the rotary joint using the solar array central mast as the point of departure.
The rotary joint to antenna interface follows, using the elévation rotary joint structure as
an assembly base. Assembly of the primary and secondary structure is performed working
radially from the center of the anténna. Installation of waveguides and electroni¢s follow.

The alternate approaches evaluated include use of:

e Manned manipulator modules

e Remote controlled manipulator modules

e ‘EVA with assist from remote controlled logistics modules.

The operations analysis approach is summarized in Fig. 2-24. The functionsal steps in
the operation for the three options were identified and a time ling analysis performed to
determine the range of potential assembly rates. Estimates of consumables consumption
of the free-flying modules were also made. Past Grumman simulation data, which relates
complexity of manipulator operations in a static environment to operations in a dynamic
environment, was used in estimating both manned and remote controlled manipulator per-
formance. Skylab 3 data on the human performance in assembling the twin pole sunshade
was | sed to estimate EVA assembly rates.

Figure 2-26 summarizes results of the operations studies. The following con-
clusions were drawn from tliis data:

e Remote controlled manipulator agsembly offers the most cost ¢ifective approach

e EVA dssembly with remote controlled logistics vehicles could be cost competitive
if assembly times in excess of two years is acceptable and Space Station costs for
a 50-man crew can be shown to be reasonable
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e Manned manipulator modules are not cost effective because of the high propeilant
congsumption.

2,2.4.3 Support Equipment Requirements

Preliminary definition of support system requirements have been established for the
low altittide and high altitude assembly sites using data generated during NASA studies of
space stations, research applications modules and remote teleoperator vehicles.
Figure 2-26 summarizes the transportation and assembly approach used as a strawman
in establishing support equipment requirements. The following lists the major équipments
over and above the basic transportation systems required in support of assembly at the two
candidate assembly sites:

Low Altitude (190 N Mi)

High Altitude (7000 N Mi)

e Remote controlled manipulators e Remote controlled manipulators
o Shittle crew accommodations e Manufacturing modules
-~ Crew support module e Space station
-~ Communications module e Crew transport module
e Manufacturing modules e TDRS.
e TDRS
AsSY TRANSPORT | TRANSPORT | DETAILED ASSY CREW TRANSPORT| coMM
ORBIT SYSTEM CREW PARTS METHOD ACCOM 70
(MATERIALS) GEOSYNCH
LOW ORBIT
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MODULE)
HIGHORBIT | ® SHUTTLE | @ SHUTTLE |e AUTOMATIC | @ REMOTE | e SPACE o SEPS e TORS
- 7000NM | ® FULLCAP. | e FULLCAP. IN-ORBIT MANIPU- STATION
- 285° TUG TUG (MFR. LATOR) - 6MEN
® CREW MODULE) - 180 DAYS
TRANSPORT
MODULE

Figure 2-27 summarizes the weight and cost factors assumed in the overall cost

Fig. 226 Transportation and Assembly Efements

assessment of the SSPS assembly operation. To achieve consistency of data, the $/Kg

non-recurring and recurring cost estimate for the Spice Station has been applied to the

cost of all support equipmeiit.
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2.2,68 Cost

The Task 2 Conceptual Design objective was to refine the cost estimates established
during preliminary design. Cost estimates of {ransportatiun and assembly were increased
in scope to include the entire SSPS and associated support equipments. A more refined
assessment of the antenna structural cost was performed on the rectangular grid 1 km
structural arrangement using aluminum, graphite/epoxy and graphite/polyimide.

The following summarize the findings of these assessments:

e Low altitude assembly is significantly lower in cost than assembly above the
Van Allen belts (575 $/Kg vs 1550 $/Kg)

e The major cost driver is Shuttle per flight costs

® Recurring unit costs for Shuttles, Tugs, Space Stations, and other support equip-
ments represents 1/6th of the total assembly costs

¢ Aluminum is 4 to 5% lower in cost than composites.

Figure 2-28 summarizes the traffic and fleet size requirements for three flight plans.
The total numbers of Shuttle flights required to assemble the entire SSPS includes flights
for deployment of support equipments, transportation of personnel for monitoring the
assembly operation and delivery of the consumables for the remote controlled manipulator
modules, Flizht Plan 1 and 3 assume one and two year assembly periods at the low altitude
site, while Flight Plan 2 assumes a one year assembly time at the high altitude site. A
significant difference exists in terms of total Shuttle flights needed for assembly at the high
altitude site, primarily due to the added requirement to transport Tugs to and from orbit.
The difference in total Shuttle flights required by Flight Plan 3 is not significantly different
from Plan 1, but the average number of flights per day is within reason (1.37 vs 0.7 per day)
particularly when considering the non-optimum launch opportunities avaflable with a
190 n mi assembly altitude. Because of the orbital geometries, launches of 4s much as two
to four Shuttles ih one 15 minute launch window may be required with Flight Plan 1. The
two year low altitude assembly plan is recommended based on the low number of Shuttle
flights and reasonable launch rate.

Figure 2-29 presents a cost comparison of the three flight plans., The low altitude,
two year assembly period is the lowest cost option (1301 $/kw). This cost could be reduced
with increase in STS performance by a factor of two if a heavy lift, deploy only launcher
with a payload capability of 120, 000 1b (54,400 Kg) were developed from existing Shuttle
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components. An additional reduction could be achieved with development of the Fly-Back
Booster. It is conceivable that a cost as low as 300 $/kw could be achieved.

An aluminum antenna structure is 4 to 5% lower in cost than a graphite/epoxy or.

i graphite/polyimide structure (Fig. 2-30). This asgumes that the basic structural elements
s can be made of the standard 5 mil fibers. Although the cost of composites are slightly

- higher than alumiaum, technical factors such as thermal properties, could be the in-

- fluencing factors in final selection.

e 2.3 RECOMMENDATIONS

. The concepts and design options recommended for Task 3 study are listed in Fig. 2-31.

Algo included are concepts that show sufficient promise for further techmology study.

Because of the greater cost agsociated with high altitude agsembly, the transportation
B mode selection can be narrowed down to use of the Shuttle at a low altitude assembly site.
Advanced transportation system with increased payload (heavy lift vehicle) and development
of the Fly-Back Booster could further reduce transportation and assembly costs, and
should be given greater study emphésis. :

The rectangular grid structural arrangement should be retained. No technology
issues arose during Concept Definition that would suggest 2 different approach. The light
weight and standardized construction of the rectangular grid structure makes this approach
the best of the options studied.

Materials selection cannot be clearly made at this time. Aluminum offers the lowest
cost option with the least technology risk. The graphite composites are attractive in terms
of thermal expansion properties and the potential to retain stiffness characteristics at high
temperature (polyimides). Basic materials technology testing of composites is recommended
to determine the outgassing and ultraviolet tolerance of these materials at the éxpected

Py

system operating temperatures.

PR
.

The assembly of structure using remote controlled manipulators was found to be
, ! potentially the lowest cost approach. This assembly technique would minimize the man-in-
space role and would therefore minimize the need for expensive life support équipments.
i ~he use of EVA in the assembly function showed the potential for increased production rates
relative to remote controlled assembly. Hoivever, the cost of large support Space Stations
i may preclude selection of this approach. Study of man's role in assembly of large struc-
L ture is recommended for investigation outside of the MPTS study.
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. The method of fabricating detail parts of the assembly is strongly driven by the
volume limitations of the transportation system. With the Shuttle volume characteristics,

Co i space fabrication of the low density components, such as structure, is recommended. If

'? ‘ volume capabilities of the launch system were increased, ground prefabrication of deploy-

o able elemeénts may become a more attractive option.
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Section 3
TECHNICAL DISCUSSION
3,1 MISSION ANALYSIS

3,1.1 SSPS Configuration and Flight Mode Descriptions

The Satellite Solar Power Station (SSPS), as presently conceived, is a geosyhchronous

" equatorial placed satellite whose function it is to collect solar energy and radiate it to the

earth (see Fig. 3.1-1 and 8,1-2). Energy radiation to the earth would be accomplished by
the Microwave Power Transmission System (MPTS), an integral part of the SSPS system.
The overall size of the SSPS system (~5 km x 12 km) precludes launch into orbit by a single
launch, but requires many launches to get the components of the system into low earth orbit.
Once in low earth orbit(LEO) the system can be assembled and transported through the Van
Allen belts to geosynchronous equatorial orbit, An alternate plan calls for SSPS assembly
above the Van Allen belts (~7000 n mi) to avoid solar cell degradation which occurs while
traversing the Van Allen radiation belts. The latter system would use a Tug to transport
the SSPS components from LEO to 7000 n mi. Both assembly altitudes would use a Solar

' Electric Propulsion System (SEPS) to transport the assembled SSPS system from the

assembly point to geosynchronous equatorial mission orbit. Similarly, both techniques
would use Shuttles to transport materials from ground to LEO. In summary, the complete
SSPS system consists of the following segments:

& SSPS structure

¢ MPTS antenna

e SEPS

e Stationkeep/control module (LEO assembly only).

Figure 3,1-3 depicts the two flight modes, i.e., the low earth orbit assembly mode
(Plan 1), and the high earth orbit (HEO, 7000 n mi) assembly mode (Plan 2).

3.1,2 Transportation System Performance
3.1,2.1 shuttle

Both of the flight modes described in the previous subsection utilize the Shuttle as
the vehicle for transporting elements of the SSPS from ground to LEO. Due east Shuttle

e =
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b ara

Mass
kg x 108 b m x 105
Solar Arrey 9.80 21.61

Blankets 6.11 1347
Concentrators 0.93 2.05
Non-Conductive Structure 1.73 3.81

Busses, Switches 0.23 0.51

Mast & Rotaty Joint 0.57 1.26

MW Antenna 1.66 3.65

Ref Phase Waveguide 0.02 0.04

Slotted Waveguides 0.68 1.50
Subarray Electronics and Detectors 0.03 0.07

Elemient Status and Cont. Data Bus 0.02 6.0
Switching and Power 0.08 0.13

MW Generators & Cooling 0.63 1.39

DC Busses 0.20 0.44
Structure incl. Rotary Joints 0.23 0.51
Instailational Facilities 0.02 0.04

Con*nl System incl. 1 year supply of Propeliant 0.02 0.04
Total System 11.48 25.30

Centers of Gravity

Xam= 0.1km
Y,Z arms = * 0.026 km (85 ft)

Moments of Inertia.

b = 14.24:(106 kgkm2
ly = 123 x 10° kgkm?

l, = 137 x108kgkm?

( 1048 x 10'2 slug 1)
( 80.528 x 1012 slug #2)
(100.83 x 1612 slug #t2)

(Variation is due to the rotation of the MW Antenna)

Fig. 3.1-2 SSPS Mass Properties
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launches from Kennedy Space Center {KSC) result iii placement of the maximum payload of
65000 1b Into 16w earth ofbit at 28,5 deg inclination, Figure 3,1-4 presents the Shuttle pay-
load capability as a function of circular orbit altitude for situations requiring a rendezvous
by the Shuttle. As illustrated, 190 n mi is the maximum altitude that the Shuttle can deploy
the maximum payload of 65000 1b, Shuttle performance degrades near linearly and rapidly
above 190 n mi to 290 n mi, where no pdyload can be placed into orbit. Shuttle performance
in this region can be increased with the addition of Orbit Maneuvering System (OMS) propel-
lant in the Shuttle's payload bay; the obvious disadvantage of doing thi-, is the loss of payload
bay volume. Figure 3,1-5 presernts similar performance informatic 1 ‘or cases not involving
an ultimate rendezvous Shuttle, Maximum pavioad can be deployed { * 2?0 n mi :ince no OMS
propellant has been budgeted for rendezvous.

Since deployment of segments of the SSPS wil! requirs their being placed in close
proximity to previously orbited segments, the rendezvous performance curve was used
to determine Shuttle capabilities. ‘

3.1.2,.2 Tug

The Space Tug is an integral part of Flight Plan 2 onerations since it will be used to
transport, to 7000 n mi, the material delivered to LEO by the Shuttle. The Tug used
throughout this a1 alysis (see Ref 1) uses cryogenic propellant, is reusable and has the

- following characteristics:
e Propellant weight: 50177 1b (22730 Kg)
¢ Burnout weight: 5755 1b (2607 Kg)

e Specific impulse (Isp): 456,5 sec,

A typical Tug scenario starts with pick-up of a payload from a 190 n mi ¢t .ular orbit,
then delivering the payload to a 7000 n mi circular orbit, and returning to th. shuttle in the
origin: 1 190 n mf orbit, Figure 3.1-6 presents the Tug deploy capability while performing
such a scenario. The performance 1s listed as a function of the del* v the Tug must expend
to get the payload to its point of destination. This outbound d>l.a-V can be related to
the deploymient altitude. The delta-V .oquired to return .« g to Shuttle has been assumed
to be equal to that of the outbound leg of the fcurrdev,

Figure 3.1-7 shows the Tug configuration ai! s'mmarizes its payload capability for
three operation modes. The first, is for the aforementionc 1 payload deploy scenario; it
shows (as does Fig. 3.1-6) that the Tug can deploy 36800 1b . .*70 Kg) to 7000 n mi. The




" 'SHUTTLE PAYLOAD, 10° Kg

SHUTTLE PAYLOAD, 10° Ko

el
L)

nr o WITH RENDEZVC US
e 28.5 DEG INCLINATION
“ =1
FIRST OMS
INTEGRAL KIT ADDED
. 3 [1] ud OMS o
o g
«d ol
z
(-3
. m =3
10} E
| &
0] o X
0 L. 0 L ‘ 1 . I
100 150 200 250 300 350 400 450 ’
CIRCULAR ORBIT ALTITUDE, N MI i
Fig. 3.14 Shuttle Payloed Capsbility — Due East Launch from KSC
e e DELIVERY ONLY, NO RENDEZVOUS
30 - e 28.5 DEG INCLINATION
eot . FIRST OMS KIT
INTEGRAL ADDED
sob- oms
-]
ol g
g«
g
& %l
w
oFE. L
&
100
0 L 0 4 } N
100 180 200 280 300 380 400 450

CIRCULAR ORBIT ALTITUDE, N MI
Fig. 3.1-5 Shuttle Payloed cuuﬂlm— Due Emt Launch from KSC

g e




Lo

_ e Igp = 466.6 SEC
' o PROPELLANT WT = 50,177 LB (22,730 Kg)
' e BURNOUT WT = 6766 LB (2607 Kg)
. e RECOVERABLE TUG
r S~ 16 b
® e
o 14
® £
' x 4~ >
E :'5 12 -
. 3 g w0 L FROM 190 N MI TO 7000 N M! (& RETURN TUG)
g | %
o g 8- |
g |
g o} E
’ o o s |
5| 38 !
: o 4~
g 1| i
;. e 36,800 LES (16870 Kg) |
2 - PAYLOAD TO 7000 N M \ |
ol 0 Lt 0 111t 1 1 1 L1 N s 0N
| -
' 200 500 1000 5000 10,000 50,000
TUG PAYLOAD, LB
i
B Fig. 3.1-6 Cryogenic Tug Deploy Performance
.1 |
P
o
|
S TOTAL WEIGHT, LB (Kg) 85,9, 175337)
i
PROPELLANT WEIGHT, LB (Kg) 50,177( ™
b DRY WEIGHT, L8 (Kg) BIEL (2,
o SPECIFIC IMPULSE, SEC 4565
1 :
(R PAYLOAD PERFORMANCE TO 7000 N M
{ o DEPLOY, LB (Kg) 36,800 {16670)
, e RETRIEVE, "E (ig) 19,000  (860)
: i e ROUN" ., .8 (Kg) 12,500 (5662)
‘" i Fig. 3.1-7 Cryogenic Tug Configurstion
A 3.1-7
‘v« 4 1=




second mode, payload retrieval, his a payload capability of 19000 1b (8607 Kg). The final

mode involves deploying and retrieving a payload of equal weight to an orbit (roundtrip),
and Fig. 3.1~7 lists 12500 Ib (6662 Kg) as the capability,

3.1,2.3 Solar Electric Propulsion System (SEPS)

Ion propulsion system performance for both Plan 1, which calls for SSPS delivery
from LEO to geosynchronous equatorial orbit, and Plan 2 which requires a similar
delivery from 7000 n toi is dépendcnt on SEPS thrust and SSPS weight, Figure 3.1-8 A
presents SEPS in-plane performance for a transfer from a 190 n mi circular orbit to geo~-
synchronous orbit (at 28.5°) for various thrust-to-weight ratios. The figure shows that
approximately one year is required to reach mission orbit with the lowest thrust-to-weight
ratio being considered: this traversal spends 120 days in the Van Allen radiation region, a
périod during which exposed solar cell efféctiveness will be degraded by approximately 40%.
This degraddation will be accounted for when sizing the solar array which provides power for
the ion propulsion system,

3.1.3 Altitude Selection

The issue of altitude selection is tied to both the Shuttle payload/altitude capability and "
air drag effects. The trades involved with selecting a LEO assembly altitude (Plan 1),
or a high edarth orbit assembly altitude (Plan 2) are centered around the consequences
of supplying a Tug fleet for Plan 2 or an Orbit Keep/Altitude Control Module (OK/ACM)
for assembly in LEO, Ultimately, the selection becomes one of cost and mission complexity.
This subsection reports the effects of air drag on the SSPS in LEO, and will discuss the
sizing of an OK/ACM systcm required to maintain the SSPS at the selected altitude.

Investigation of air drag effects on a satellite is dependent on the value of the satellites
ballistic coefficient (M/ C4A). Throughout this analysis, two values of M/ C4A have been
investigated, 0.175 and 1.75. These values weré¢ selected by assuming a total weight of
25 Mibs, a C, value of 2, and an order of magnitude difference in the area into the wind (A),
The ballistic coefficient value of 0.175 assumes that the SSPS solar cells dre covering the
structure (as they would be in actual use) and that the SSPS has its edge into the wind. The
ballistic coefficient vaiue of 1.75 assumes that the solar cells are stored in a rolled window
shade fashion, and the effective area is 10% of the nominal area, A one degree peak-to-peak
oscillation about the center of the SSPS is also assumed. Since orientation of the SSPS edge
perpendicular to the orbital velocity vector (edge into wind) follows a sinusoidal paitern, a
mean area into the wind was computed. The computation considered the centroid of the
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limit-cycle sinusoid, and resulted in reducing the effective area by 60% over that of holding
a fixed-offget-itto the wind,

Figure 3.1-9 illustrates the effect of air drag on SSPS altitude over & 24 month period,
The ballistic coefficient of 0.175 represents the SSPS with solar cell fully deployed. A
nominal dynamic (Jacchia) mid-1979 atmosphiere and a 95 percentile atmosphere were
separately assumed. Considering the 95 pércentile atmosphere and an {nitigal altitude that
Shuttle ¢an reach with A5000 lb (29445 Kg) payload, the SSPS re-eénters (assumed to be 75
n mi) after only one month in orbit. The nominal atmosphere assumption merely adds an-
other month to the SSPS orbit life and indicates that an orbit.keep module must be added to
the SSPS if assembly is to be performed at 190 n mi, The figure shows that SSPS's with
initial orbits of 250, 300, and 400 n mi will not re-enter within a year under nominal
atmospheric conditions.

Figures 3.1-10 and 3,1-11 {llustrate the wide variation in orbit lifetime which exists
for vehicles with the two different ballistic coefficient values mentioned earlier. Figure
3,1-10 presents orbit decay characteristics for.the SSPS at an initial 190 n mi altitude,
Orbit lifetimes which differ by almost an order of magnitude result when the SSPS solar
cells are fully deployed (M/C dA‘---'O.:I.'II:'») as compared to the case where they are stored in
rolls. Storage of the cells then shows two advatitages; first, air dragis reduced and
secondly, solar cell degradation is reduced during Van Allen belt transit. Figure 3.1-11
shows similar information for an initial altitude of 250 n mi, and illustrates the distinct
advantages of assembly at higher altitudes. The question of atmospheric density at 250 n mi
becomes academic if a ballistic coefficient of approximately 1.75 can be assured. For these
cases SSPS assembly could extend several years without even having to consider the addition
of an orbit-keeping module to the SSPS, Unfortunately, Shuttle payload capability (on
integral OMS) to 250 n mi is less than half of what it is to 190 n mi (see Fig. 3.1-4). If the
present Shuttle is baselined as the SSPS launch vehicle, then fleet size and Shuttle traffic
considerations dictate that 190 n mi be selected as the assembly altitude. The selection
nresupposes that an orbit-keeping module, which uses a reasonable amount of propellant
over the assembly period (1 or 2 years), can be sized to maintain the 190 n mi altitude.

The orbit-keeping module L~ to supply a force equal in magnitude (and opposite in
direction) to the air drag force. Vigure 3,1-12 presents the forces required to compensate
for alr drag in low earth orbits. A constant force of 11 1b would maintain the SSPS at 190
n mi during the assembly perfod, The fact that the structure buildup will be progressive
over the assembly period has been ignored. Rather, the conservative assumption which has

3.1-10
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been made is that the entire structure exists at the beginning of the orbit decay analysis
time frame. An orbit-keeping module has been Bized to maintain the SSPS at 190 n mi
altitude. It represents a small version of the fon propulsion system proposed to
transport the SSPS to geosynchronous orbit, and as such, has been sized using the
procedure discussed in Subsection 3.1.4.

=,

Power from the stationkeeping module fon engine is derived from golar photohs im-
pinging on solar cells, As the SSPS circles the earth in the 190 n mi assembly orbit, it
will be in the earth's shadow approximately 40% of the time. Since the power source for the
stationkeeping module will be ihoperative during the shadow traverse, the force from the
engine will drop off and the SSPS orbit will decay slightly. To compensate for this effect,
the thrust required from the stationkeeping module has been increased from 11 to 16 b,
Characteristics of the stationkeeping module, which was sized to keep the SSPS at 190 n mi
altitude under nominal air drag conditions, are as follows:

e Thrust 161 (T1.2N)
e Propellant 44 KIb/yr (19.9 x 10° Kg/yr)
e Total Module Weight 89 Klb (40,3 x 10° Kg)

3.1.4 SEPS (lon Engine) Sizing
3.1.4.1. Sizing Procedure

The factors affecting ion system size &nd a sizing procedure flow logic are depicted in
Fig. 3.1.13, Maximizing payload ratio (AR) is the fundamental goal in sizing the ion pro-
pulsion. Unlike chemical propulsion, this s not achieved with maximum specific impulse
(Isp). The reduced propellant weight requirement with associated high Isp must be traded
against the increase in weight of the power supply required to achieve it. The factors
affecting that trade are:

e System overall efficiency, = nU'np
=M= propellant utilization efficiency = particles ionized per total particles

= power efficiency = power in the thrust-producing ion jet per unit of power

p

at the source

; e Specific mass of the propulsion system, a = weight of all propulsior system
; hardware per unit of source electric power (lbm/kw)

' ¢ Propulsion time, t
o Mission AV,

—— ey
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For a glven value of sizing parameter 7 t/a and migsion 4V, there cxists an optimum
Isp which maximizes the non-propilsive payload ratio, Figures 3.1-14 and 3,1-15 show,
respectively, the optimum specific impulse and corfesponding maxiiized payload fraction
as a function of nt/a*, Once the optimum I
lished, many of the important propulsion system characteristics can be determined. The
propulsion system weights, total thrust requirement, and total source power requirement
can be calculated, as shown below, on the basis of a given non-propulsive payload weight

(MR):

8p

e Dayload + propulsion system weight, M °=MR/AR

e Propulsion system weight, including propellant, M__ = MO-MR

e Propellant weight, M

p

ps
- M - _ _~AV/1_g)
=M, - Mpurnout = Mo1-€ 8p

e Total thrust required, F = (Mp/t sec per yr) Isp

¢ Source power requirement, P=F Isp g/2n x conversion

factor to KW (37)

3.1.4.2 SEPS Sized For Geosynchronous Delivery From 190 N Mi

Following the sizing procedures outlined in Subsection 3.1.4.1, the characteristics
of a representative ion propulsion system for the SSPS delivery mission can be determined.

The mission parameters assumed are:

¢ Delta-V = 16, 000 fps (5000 mps)

¢ Trip time, t = 365 days

e Non-propulsive payload weight, MR =26 x 106 1bm (11.8 x 106 Kg).

The assumed mission delta-V corresponds to an ascension to geosynchronous orbit by
continuous thrusting from an initial orbit altitude of approximately 190 h mi. A representa-
tive trip time of one year was selécted to improve the nt/a sizing parameter while keeping
within the bounds of thruster system capability for continuous propulsion. Durations of

and maximized payload fraction are estab-

(3.1-1)
@a. 1',2)
(3.1-3)
3.1-4)

3.1-5)

approximately 8000 and 3500 hr have been demonstrated in ground and space tests,

respectively. A three-year continuous-propulsion capability can readily be projected, at

this time, for the SSPS time frame.

1
|
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A morcury propéllant, electron-bombardment ion propulsion system with a solar cell
power source is assumed to have the following characteristics:

o Systéem efficlency, n=0.7
= 0,90

- nU
- = 00
ﬂp 78
e Specific weight, ¢ = 15 Ibm/kw,

Overall system efficiencies of 0.7 are equaled or exceeded with today's technology.
The overall system specific weight assumption is based on an assumed power supply and
conditioning specific weight of 5 Ibm/kw, in line with projected solar cell weights for the
SSPS itself, and propellant tankage, feed, thruster, structure, etc., epecific weight of
10 Ibm/kw. Current values for overall system specific weight fall in the range of 65-150
Ibm/kw; however, the assumed value of 15 has precedence in literature (Ref 21),

The SSPS ion propulsion system, therefore, has a value of ft/a = 17 day-KW/Ibm.

It can now be determined from Fig, 3.1-14 and 3,1-15 that:
e Optimum Isp = 8000 sec
e Maximized payload ratio, AR = 0,88

From Fig. (3.1-1) through (3.1-5):
o Total system weight, M_= 29 x 10° Ibm (13.1x 10% Kg)
e Propulsion system weight, Mps = 3.5 x 10% Ibm (1.6 x 108 Kg)
e Propellant weight, Mp =1,8x 106 Ibm (0.82 x 106 Kg)
e Total thrust required, F = 454 Ibf (2018N)
e Power required, P = 113,000 kw
3.1.4,3 SEPS Sized For Geosynchronous Delivery From 7000 N Mi{

An ion propulsion system can be sized for a SSPS delivery to geosynchronous orbit
from the candidate 7000 n mi assembly altitude. The method followed is identical to that
outlined in Subsection 3.1.4.1. The mission parameters assumed are:

¢ Delta-V = 5,000 fps (1562 mps)

e Trip time, t = 120 days

Nt
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3 e Non-Propulsive payload weight, MR = 26 X 106 Tom (11.78 x 106 Kg) 1
=
P X e System efficlency, n=0.7
f t
R e Specific weight, o = 15 Ibm/KW (6,78 Kg/KW)
L The resulting SEPS had the following characteristics:
(- ‘ e Optimum I__ = 4625 sec
H sp
b e Maximized payload ratio, }‘R = 0,96
;' : ® Total system weight, M_ =27 x 106 1bm (12.2 x 108 Kg)
! ¢ Propulsion system welght, M_, =1.2 M Ibm (0.54 x 10% Kg)
| ; e Propellant weight, Mp =0.9 Mlbm (0.4 x 105 Kg)
e Total thrust required, F = 400 1bf (1178N)
: e Power required, P = 43,000 KW
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e 3,2 ANTENNA STRUCTURAL CONCEPT

3.2.1 General Arrangement

The MPTS antenna is 1 km (3280 ft) in diameter by 40 meters (131.2 ft) decp. The
antenna is assembled in two rectangular grid structural layers, Fig. 3.2-1. The primary '
structure is built up in 108 x 108 x 35 meter bays using triangular girder compression '
members 18 meters long and 3 meters wide. The sécondary structure 18 x 18 x 5 meter bays '
(Section B-B, Fig. 3.2-1) are used as support points for the waveguide subarrays. Dimen-
sions of the secondary structure will vary with selection of the optimum subarray size. (The
18 x 18 meter size is typical). A mechanical screw jack system (Detail C, Fig. 3.2-1) is
used as the interface with the subarrays and provides the flexibility of mechanically aligning
the waveguides in orientation and position, This feature desensitizes the configuration re-
quirements on assembly tolerances and thermal deflection accuracies.

The antenna-to-spacecraft interface (Detail D, Fig. 3.2-2), uses a 360" rotary joint
(azimuth) about the spacecraft (SSPS) central mast and a limited motion (+8°) rotary joint
for North-South steering (elevation). The azimuth rotary joint uses two slip-rings and brush
assemblies for power transfer (Section F-F, Fig. 3.2-2). One routes plus current, the other
negative. The azimuth drive assembly utilizes a geared rail support structure (Section E-E,
Fig. 3.2-2) and motor driven 4-wheel truck roller assembly. The elevation drive utilizes
flexible cable for power transfer ead a geared rail drive system similar to the mechanism
used for azimuth contrcl.

3.2.2 Rotary Joint

A recommended approach for concept definition consisting of rollers and tracks ha -
tentatively been made. Power is transferred across the azimuth interface by silver alle,
brushes and slip rings, and across the elevation drive by flexible cable. The orir ation
drive is by DC torque motor with spur gear drive.

Des.gn of the antenna mechanical interface requires selection of the gearing, bearings,
motor, power transfer device and lubrication. Reference 8, contaiuir, lesign details and
analysis for a space station solar array 17tating joint, has be~a usdc-l as a source of pertinent
design data. Applicable data from both Ref 7 acl S has be. ¢y 2ated in this report for
convenience.

3.2.2.1 Gears

The choice of gears to meet the 1 arc-min pointing accura. requirement and 30-vear
life is a major issue in control system design. Depending upon the ot of the gear ratio,

J; 3‘2-1
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hacklash dnd jamming in an environment of high torque and low rotational rate, may preclude
mecting requirements. The hasic types of gears include spur gears, helieal gears, worm
gears, harshonic drive gedrs and bevel gears. The fcatures of each of thesc options arc
presented in Fig, 3,2-3, The "no backlash' feature of the harmonic drive, in additfon to the
potential to achieve high gearing ratios with minimal packaging difficulty, would lead to
selection of this approach, The major problem with the harmonic drive, however, is the
poor life inhibited in limited tests of these gears. The worm gear approach, particularly
for the elevatioh drive, is not recommended because of alignment difficulties, high friction
and the inability to drive the gears backwards., A spur gedr drive would provide a simple
- positive traction for transfer of torque; however, the design of gear teeth would hdve to
iarovide a significant positive safety margin to preclude tooth breakage. Wear is not con-
sidered a problemdue to the low speed environment.

3.2.2.2 Bearings

Bearings for the MPTS interface control system should be rolling-element types to
provide the lowest friction possibie, Options for selection include ball bearirgs, roller
bearings or individual rollers. The individual roller approach was used in the SSPS design
shown in Fig. 3.2-2. This approach results in high friction and has questionable fatigue
life. A ball-bearing approach would minimize friction and provide better fatigue life. The
large diameter (65 meters; of the azimuth interface would cause problems in design and
assembly of conventional, machined-race, low-friction bearings. Because of the ball bear-

ing design problem, it is recommended that the individual roller and track bearing arrange-
ment be retained.

Further study and definition should include assessment of the following:

e Static load capacity e Tolerance to thermal gradients
e Dynamic load capacity e Lubrication

e Fatigue life e Materials

e Stiffness ¢ Maintainability

e Friction

3 .2-2
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3.2.2.3 Motors

The following summarizes the motor requirements for the MPTS mechanical.system
interface:

Motor Azimuth Elevation
Characteristics Drive Drive
¢ Torque (peak) 1.02 x10° Nem 2,83 x 10° N-m
¢ Horsepower 0,18 1.8
e Time Constant Less than 0.1 sec

Figure 3.2-4 is a 1ist of typical motor types that are considerations for the servo
system design.,

Control dyhamics computations indicate that less than 134 watts power drain is
required to drive the antenna in azimuth; however, startup inertia and response to control
the effect of base dynamics will require a high starting torque motor. A DC motor is well
suited to this application. The long life requirements (30 years) favors the brushless DC
torque motor, though these devices are slightly heavier and less efficient than brush motors.
Figure 3.2-5 presents a conceptual design for the rotary drive mechanism. The total weight
for motors, gedrs, idler wheels and drive wheels is 12, 024 Kg.

An attractive option to the motor-gear system would be the use of linear step motors
mounted around thé periphery of the drive assembly support. These devices have an
excellent thrust-to-weight ratio (10:1) and would eliminate the wear problems associated with
gears, Figure 3.2-6 is a conceptual layout and weight estimate of a three-phase variable
reluctance linear motor system. A significant weight reduction relative to the motor gear
approach is indicated. The attractiveness of this approach in terms of reliability, simplicity
and low weight strongly suggest that technology efforts be initiated to determine the feasibility
of application to the MPTS rotary joint drive mechanism.,

3.2.2,4 Power Transfer Devices

Figure 3,.2-7 summarizes power transfer options and the major considerdtions in
selection. Consideration of all factors leads to a tentative selection of slip rings for the
azimuth drive and flex cables for tie elevation drive.

3.2.2.5 Slip Rings and Brushes

A possible configuration would smploy two coin silver slip fings around the mast
mounted near the roller tracks for gap tolerance stability. Self-lubricating brushes would

R —
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Fig. 3.2-6 Rotary Drive Concept
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he spring loaded and made of silver/niobium diselenide carrying from 7,75 x 104 to 16,8 x

10t amp/m2 (60 to 100 a- p/in, 2). Brush pressure would be from 27,550 to 68,940 N/m2

(4 to 10 psi), Brush speed is low, so no arcing problems are anticipated. DBrush height would
be designed for the life of the SSPS at very small penalty, or life/reliability goals could be
met by an unloaded set of standby brushes to be actuated by command when wearout of the
initial set was imminent. Life predictions for such designs have been estimated to be
possible for over 100 ycars. The moin problem is providing for oil vapor lubrication to
supplement the Nb8e2 solid lubricant. Oil vapor lube extends the life of brushes, but re-
quires some form of reservoir and labyrinth seal to minimize vapor loss. Mass estimaté

has yet to be made, but the specific weight will probably be small relative to structure,
bearings, and buses.

Figure 3.2-8 is a schematic of the slip ring and brush design concept for the azimuth
rotary joint, The total weight of brushes and slip rings is estimated at 1100 1b (504 Kg).

Slip rings and brushes possess a well-developed technology and have unlimited rota-
tional freedom in one axis. Their performance is not degraded by stopping, starting or
reversing, Slip rings have high reliability over long operating periods. Slip rings, however,
are relatively heavy and because of their large size would present problems in assembly.

The major consideration to overall system design is the high thermal inputs to the structura!
interface due to IZR losses at the brush slip ring interface. Figure 3.2-9 and 3.2-10 sum~
marize the operating temperatures and voltage drop for some candidate brushes and slip ring
combinations. Considering a system power level of 5 GW and a voltage levél of 20 KV, there
will be approximately 20, 000 amperes per bus bar, To achieve a medium current density of
7.75 amperes per square meter requires 3, 23 square meters of brush/slip ring contact

area, According to Fig. 3,2-10, the voltage drop across the brush/slip ring interface will
be approximately 0.2 volt which will generate 40 KW of waste heat at each interface. To
ensure reasonable operating temperatures fcr the brushes, methods for efficiently "dumping"
this waste heat should be considered.

3.2.2,6 Liquid Metal Slip Rings

No information on successful a~lication of this concept has been uncovered to date,
The state-of-the-art is such as to leave most questions unanswered, so development risk
is considered high, Reference 8 gave no technical information relative to liquid slip rings
but did not list them with SKF as origin, SKF had tried to use a mercury liquid metal slip
ting for instrumentation noise suppression on a 24, 000 rpm bearing rescarch program but
had dropped development in favor of a silver/silver graphite solid brush system.
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Fig. 3.2-10 Voltage Drop for Candidate Brushes {for Single Contacts)




Liquid sodium has potential as a slip ring liquid heeause of good conductivity, wetting
and viscosity charactevistics, Theoretically, such a device would earry current with low
power loss aud low torque drag. The main problem is foreseen as development of a long life,
low friction seal to keep the liquid contained. Such a seal would he sensitive to temperature
change, contamination, and corrosion, It might prove difficult to lubricate and on-line
maintenance or seal replacement could prove complicated,

Because of high development risk, lack of design information, constraints on structural
configuration, and lower life/reliability rating than conventional slip rings, liquid meta! slip
rings are not recomnicnded for baseline development but should be considered as a potential
technology study.

3.2.2.7 Power Clutch and Flexible Cable

A power clutch holds two contacts fixed together while they move through part of a
revolution, and then the contacts break apart and reset to an initial position, and the cycle
repeats. The relative motion is allowed for by a flexible cable, For SSPS application, two
sets of contrets would be required so one could carry the load while the other reset, The
advantage is a lower contact resistance and lower wear rate than with brushes and slip rings,
but the greater mechanical complexity and redundant mechanism required would probably
trend toward high r weight and lower reliability.

3.2.2.8 Rotary Ti wsformer

A rotary transformer could be designed to operate at high efficiency w.th n. wear
(no contact), but the high cificiency would require heavy core material and a close tolerance
gap. Since SSPS is a DC system, an additional penalty would have to be added for Dt " C-DC
power conversion. Rotary transformers do provide low friction and should be comaider 1 as
a potential technology study.

3.2.2. 1 Rolling Contact

A rolling contact device transferring power through either oc- s or hearings is incffi-
cient as an clectrical eonductivn path hecause contact areas e ssentially laes or points
unless there is deformation - in which casc metal fatige= Ve oes a problem. It is not
recommended,

3,2.2.,10 Lubrication

Lubricant options include oil, grease and solids, Fi: 7,2-11 and 3,2-12 (based on

data from Ref §) summarize test data on various condidate oils o+t rrease. The 30-vear lfe



TEST_CONDITIONS: ' ' ”l
LOAD 10 m (!NIT!M. HERTZ STRESS « 210,000 PSI) !
SPEED 600 RPM (45 FT/MIN SLIDING)
DURATION 90 mnu‘ms
BALLS 62100 STEEL
MiN. COEF. OF FRICTION WEAK SCAR DiA., MM J
IDAYE Of 38°C 70°C 100°C 38°c 70°C 100°C |
0.009 0.401
VAC KOTE PETROLEUM 094 0.096 0.096 0432 0.478 0.483
VAC KOTE ESTER 0.085 0.088 0.093 0.280 0276 02713 '
0.114 0.224
VAC XOTE ETHER 0.122 0.118 0113 0.241 0.220 0207
KRYTOX 143 A8 0.113° Q.106° 0.098° 0.381 0308 | 0383 \
XRM 2170 0.080 0.073 0.073 0211 0.195 0.1
VERSILUBE F-50 0.096* ERRATIC® | 0.080° 0.491 0.445 0488
FS- 1265 0.08% 0.083 0.072 0.194 0.207 0.381
* NOISY SLIDING
SEE REFERENCE 8
Fig. 3.2-11 Friction and Wear Properties of Qils (Four-Ball Test)
TEST CONDITVIONS: .
LOAD 10 KG (INITIAL HERTZ STRESS = 210,000 PS1)
: SPEED 600 RPM (45 FT/MIN SLIDING)
. DURATION 90 MINUTES
BALLS 52100 STEEL
Mm COEF, OF FRICTION WEAR SCAR DIA., MM.
CANDIDATE GREASE j._10¢ i twoc | 3c | r0€C mo c
VAC KOTE ESTER BASE r o'n " 0083 . 0098 0.379 0.389 | 0384
VAC ROTE PETRO. BASE : 0.080 0.073 0.07 0416 | 0.494 {0525
DUPONT PL-631 ', 0.120°¢ J106 © 0.100 0413 ‘ 0.298 ' 0256
KRYTOX 240 AC | 0108°° 0 110°° 0120 i 0517 | 042e , 0368
" SUPERMIL M128 _ooE9et 0083 0.077%+ | 0384  oes . 032
' 160 MIN} | ! 160 MIN}
VERSILUBE G300 T 0v7ede 0.083%+ 0.22%¢ © 05040 | 0456 0560°
: CUUIMING L (1S MIN zzeao Mum . V3MINE (ISMINY  (ZERO MING
—— ‘..__.......__..........._L,_.._..-,.LA__—._, . - 4. e e -
+ FAILED AT VIME INDICATED DUE TO MIGH FRICTION 1 022
é+ NOIS. SLIDING
O URSPRS RS SIS SIS A 4 R . . R
Fig. 3.2-12 Friction and Wear Proparties of Greases {Four-Ball Test)
ORIGINAL PAGE 18
DF POOR QUALITY
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requitemont is the maat significant consideration, with little or no data to support a sclection,
Vac Kote lubricants have proven highly reliahle in OBO and othor spaceeraft slip ring, gear
and motor applications, Groeases have the same hasie characteristics ns the oils with
appropriate thickening agents added, Greases should he used only where leakago 18 too high
to rotain an oil. Solids would have applieation for slip ring and motor brushes,

3,2.3 Primary/Sccondary Antenna Structure

The basic structurt consists of 20 major beams perpendicular to cach other to form
a grid of squares 108 moters on each side. Tho sccondary structure located within these grids
form a denser grid of squarcs 18 meters on each side. The major beam "upper' caps arc
girder/columns consisting of thice longitudinal members cquidistant apart. At appropriate
intervdls, cross bracing and tension wires are added to balance the shear loads, The
"ower" cap of the primary structurc is identical to the secondary structurc which is a beam
consisting of girder/columns five meters apart. These are of similar construction to the
primary members but scaled down. All beams arc given shear capability by virtue of wire/
cables connected in the mianner of a drag truss. Horizontal shear capability is obtained in
a like manner by attaching cables at the upper beam caps across the 108 meter bays. See
Fig. 3.2-13 for a typical 108 meter bay structural arrangement.

3.2.4 Structure/Wa eguide Interface

Two methods of attaching the waveguide assembly to the secondary structure have been
identified:

e The Single Point Piciup (Fig. 3.2-14) consists of a two-axis motor driven 4 abal
located at each 14 meter intersection, Lugs on this unit attach to composite
structural members which support the waveguide assembly and cffectively rroeven
any conductive heat transfor. The gimbal provides means of varying the anting
attitude of the waveguide assembly to account for structural/thermal defurmations
i the structure,

e The Three Point Support (Fig. 3.9-15) requires three motor . ven serew jacks at
cach 18 meter intersection, Eac™ one is mounted or 4 .we axis gimbal which, when
coupled to the screw jack action, provides rotutic.d wd translational adjustment,
Conductive heat transfer 18 minimized by + - v« of composite fittings to interface

with the screw jacks,
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ANTENNA SECONDARY STRUCTURE

GIMBAL

COMPOSITE STRUTS

/

Fig. 3.2-14 Waveguide/Structure Interface, Single Point Support

WAVEGUIDE ASSY

_ WT EST/ACTUATOR (ALUM)
REQUIREMENTS
e EXTENSION 18 IN. (40.6 CM) L8 Ko
e ROTATION 4 ARC MINUTES SHAFT 20.0 0.08
WORM 38 1.72
MOTOR 5.0 3.89
THERMAL 1SOL 16 0.72
GEAR BOX & GIMBAL | 66 2.98
44.0 19.93
/ ANTENNA SECONDARY $TRUCTURE
GIMBAL
MOTOR GEAR BOX-SCREW JACK ASSY (3)
WAVEGUIDE ASSY
|‘1 8 -
1.r
| THERMAL ISOLATION FITTING

Fig. 3.2-16 Waveguide/Structurs Interface, Three Point Support
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3,2.6 Anterina Weight and Mass Properties

Weight of the structural {nstallation for the SSPS microwave aitenna evolved from
considerations and analysis of the effect of weight on antenna size, materials and coatings,
type of construction, manufacturing tolerances, deployment and spdace assembly, carrier
systern iiitegration, SSPS life requirements in space environment, and thermal design re-
quirements, The assumptions, weight drivers, weight trades and the resulting detail weight
estimate for the antenna structure is included in the following discussion of stidy results.
3.2.5.1 Antenna Structure Weight

Weight of the antenna structure itemized in Fig. S.2-16 is 410920 kg (904032 1b). The
assumptions made to estimate weight are:

e Antenna diameter: 1 Km

e Material: Graphite/epoxy with thermal coatings (weight of graphite/polyimide is
same as for graphite/epoxy)

e Primary Structure: Rectangular grid beams at 108 meter intervals, The structure
is built up from structurdl becams 18 meters long, each of which is constructed from
threé longitudindl members 18 meters long braced at 3 meter intervals., The height
of the primary structure is 35 meters

e The sécondary structure is built up from 18 meter beams braced at thre¢ meter
intervals. The sécondary structure height is 5 meters and for. s the grid for
antenna electronic equipment support and spans across the primary structure
spacing of 108 meters.

e Weight penaltiés for the power distribution bus are not included.

3.2.5.2 Alternate Materials and Structural Shape Study

Welight study results considering two types of structural shapes (tubular and triangular
hat sections) and two materials (2024 T-6 Aluminum and graphite/epoxy) show thax graphite/
epoxy is 41% lighter than aluminum for a tubular section and 21% lighter for the triangular
hat section. The triangular hat section is 40% heavier than the tubular section (in graphite/
epoxy) (Fig. 3.2-17 and 3, 2-18).

3.2.56.3 Weight Parametrics and Drivers

e Loads - The primaty antenna loads are introduced into the antenna by the control
dctusators which must overcome the slip ring force. Gravity gradient, atmospheric,
and magnetic forces are small when compared to the actuator force,
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ITEM L8 KG
~ qs .
S 1 | SUBARRAY PRIMARY STRUCTURE 206,873 94,034 i
L e 2 | sSUBARRAY SECONDARY STRUCTURE 65,452 29,749 1
A 3 | ELEVATION JOINT SUPPORT 10,082 4,582 S
S 4 | ELEVATION YOKE 42,241 19,200 {
aroadd § | AZIMUTH JOINT SUPPORT 8961 4,069 L
L 6 | AZIMUTH YOKE 95,633 43,470 ;1
S RO 7 | ELEVATION MECHANISMS 97,500 44318 !

R 8 | AZIMUTH MECHANISMS & ATTACH. 24,300 11,045 §

Lo 2 | AMPI {TRON SUPPORT & ACTUATORS 304,000 138,131 ‘

10 | COA INGS 49,000 22272 '

N !
o TOTAL ANTENNA STRUCTURE 904,032 410,920 B
RPNt 3 ji Fig. 3.2.16 Antenna Structure Weight Summary (Graphite/Epoxy Trianguiar Hat)
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ALUMINGM M
(2024-6) (GR/EP)
o TEMPERATURE, °F 380 400
e MODULUS OF ELASTICITY, PS| g x 108 9 x 10°
e DENSITY, LB/IN3 0.101 0.055
o THICKNESS RANGE, IN. 0.008 TO 0.011 0.008 (3 PLIES)
o WEIGHT 8 10° ke 8 10y kg
~ SUBARRAY PRIMARY STRUCTURE 214 97 10¢ - | 7
~ SUBARRAY SECONDARY STRUCTURE or |« & | 2
— ANTENNA SUPPORT STRUCTURE 105 | a8 2 | 2
. — YOKE AND MECHANISMS i1 | st g0 | 4
~ COATINGS © | z “ 20
— AMPLITRON SUPPORT ‘
o CONTOUR CONTROL ACTUATORS 268 | 42 268 122
e AMPLITRON ATTACH STR 81 23 38 16
TOTAL 10 “d 647 294
Fig. 3.2-17 Antenna Weight Comparison (Aluminum vs Composites Tubular Section)
ALUMINUM COMPOSITES
(20246) {GriER
e TEMPERATURE, °F 350 400
o MODULUS OF ELASTICITY, PSI 9x10% 6 x 10°
o DENSITY, LB/IN3 0.101 0.085
o THICKNESS RANGE, IN. 0.015 TO 0.040 0.020 TO 0.058
3 3
o WEIGHT w8 o’ ke kg (oh xa
— SUBARRAY PRIMARY STRUCTURE 00 | 137 | 207 o4
~ SUBARRAY SECONDARY STRUCTURE 0| 4 6 | 30
— ANTENNA SUPPORT STRUCTURE 2 e e 7
~ YOKE AND MECHANISMS 148 ' 66 122 ' 58
- COATINGS % 7 a9 22
~ AMPLITRON SUPPORT | I
o CONTOUR CONTROL ACTUATORS % | 122 |28 | 2
e AMPLITRON ATTACH STR 51 | 23 s | 16
TOTAL 1147 522 | 904 an

Fig. 3.2-18 Antenna Weight Comiparison (Aluminum vs Composites Triangular Hat Section)
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e Materials - Materials considered for further analysis during the study were

ancdized aluminim and graphite composites. The latter appears to be a promising
cHoice for the antenna structure due to its lower thermal expdnsion and high
stiffness/density ratio.

e Elerient Member Shape - 1wo structural shapes were considered in the weight

analysis, namely thin walled tube and a triangular hat section. The triangular hat
section, although heavier than the tube, has considerably smaller thermal gradients
across the section and is therefore d more¢ desirable section.

° 'l‘ype of Construction - Tv o methods of structural arrangement have been compared

on a weight basis; rectangular grid and a radial grid. The results showed that the
rectangular grid has a 25% weight advantage over the radial design.

e Manufacturing Tolerances - The wall thickness tolerances on standard commercially

available tubes are +10%. A + 10% tolerance on tube weight would increase the’
antenna structured weight by 13,600 Kg (30000 1b),

e Antenna and Antenna Bay Size - During Task 1 of this study, antenna sizing relation-

ships were established to aid in selectiiig major antenna dimensions, Figure 3,2~-19
shows the result of these studies using early configurations. The trends are valid
for the final reported configuration weight.

e Antema Mass Properties - Figure 3.2~20 gives the weight, center of gravity, and

moments of inertia of the SSPS antenna. The moments about the dntenna center of

gravity and about the azimuth yoke pivot are given for a total SSPS antenna weight
of 1.67 x 10° kg.

3.2.5.4 Antenna Structural Weight Darivation

The antenna structural weights were derived using the results of preliminary load,

thermal, and stress analyses together with "'Structural Arrangement for the MPTS Antenna'
(DWG No. MPTS-001), Individual members were sized using a weight ortimization technique
which equates the Euler column buckling stress to the local buckling stress and the applied
stress. The sections resulting from this analysis will be optimum for given material
proporties, section shape loading requirements and end fixity requirements. Figure 3,2-21
summarizes the weight, dimensions and quantities of the elements and beams which make up
the structure of the SSPS antenna. Included are weight estiniates of the antenna aztimuth and

3.2-21




ASSUMPTIONS:
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e  100LB LOAD END £
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- RADWS = 22CM . . ,
- THICK* = .0128CM 500 1000 1500
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X
1. MASS PROPERTIES ABOUT ANTENNA C.G.
WEIGHT 368x105L8
X = 466 FY
Y = 0
z - 0
Ixx(CG) 126756 x 108 SLUG-FT
lyy(CG) 6632x108 ~ »
132(CG) 66332 x 106 sLug
2. MASS PROPERTIES ABOUT PIVOT
WEIGHT 368x105LB
X - 466 FT
y - 0
z . 0 ' .
Ixx (PIVOT) - 125786 x 1¢3 SLUG-FT2
lyy (PIVOT) - 91169x 108 ~ ~
I22(PIVOT) - 91169x 106 <~ -

Fig. 3.2-20 SSPS Microwsve Antenna Mass Properties

(1.67 x 108 Kg)
(142 METERS)
()

(0)
(170487 x 106  Kg-M2)
(89926 x 108 x%n
(89926 x 106  Kg-M2)

(1.67 x 108 Kg)
(142 METERS)

()

()
(170487 x 108  Kg)
(123597 x 108 Kg-M2)
(123597 x 106  Kg-M2)
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elevation joint mechdnisms. Figuro 3,2-22 through 3,2-32 give the detail sizes and assump-
tions made for each item in Fig. 3,2+21,

An investigation was made to consider the use of a Linear Induction Motor (LIM) for
the rotary jrint actuation in lieu of a motorized gear drive. Figure 3.2-33 compares the
weight of the motorized gear drive with a large (4000 1b)LIM used on the TACRV (Grumman
contract to the Department of Transportation) and a multiple step motor concept. The
anténna requirements of low speed and high torque make the muitiple step motor a contender
as the ¢'rive for the antenna,

B g“*ﬂ
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NUMBER/ | TOTAL ’
W LENGTH, M HEIGHT, CM t, MM BEAM WEIGHT
' L8 KG
A. LONGITUDINALS 18 189 0.508 3 130 | s9 '
8. LATERALS 3 3.89 0.508 18 108 | 49
C. WIRES 42 0.31 - 24 1.7 o8
D. FITTINGS &
ATTACHMENTS 76 35
TOTAL UNIT BEAM WEIGHT 331 | 151
TOTAL NUMBER REQD/ANTENNA
CIRCUMFERENCE 174 .
TRANSVERSE 792
5 ASSUMPTIONS:  PCAP 360 LB, MODULUS OF ELASTICITY 6 X 108 psi
v L = 118 INCHES/ELEMENT, GRAPHITE-EPOXY .

' o Fig. 3.2.22 Primary Structure (Uppcr Caps)
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A. LONGITUDINALS

8. LATERALS
C. WIRES

—

MEMBER-L
NUMBER/] TOTAL WEIGHT
LENGTH, M | HEIGHT,CM .MM POST B |
A. LONGITUDINALS 35 6.mM 0.762 3 65.3 29.7
8. LATERALS 3 8.1 0.762 15 279 127
C. WIRES 85 031 - 2 39 1.8
D. FITTINGS &
ATTACHMENTS 29.2 13.3
TOTAL BEAM WEIGHT 1283 67.5
NUMBER RFND/ANTENNA
CIRCUMFERENCE =174
TRANSVERSE =684

ASSUMPTIONS: Ppaer * 750 LB, MODULUS OF ELASTICITY 6 X 108 et
L. = 230 INCHES/ELEMENT, GRAPHITE/EPOXY

Fig. 3.2-23 Primary Structure (Posts)
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MEMBER-L

NUMBER/ | TOTAL WEIGHT
o LenotHm | oaem | emw [EEAW |18 | Kg |
A. LONGITUDINALS 18 238 0.203 3 322 | 18
B. LATERALS 09 238 0.203 16 043 | o4
C. WIRES a 0.31 - % 18 | os
D. FITTINGS &

ATTACHMENTS 166 | o7
TOTAL WEIGHT 7240 | 34
NUMBER REQD/ANTENNA

CIRCUMFERENCE 174
TRANSVERSE o
ASSUMPTIONS: P, p = 30 LB, MODULUS OF ELASTICITY 6 X 108 st
L = 118 INCHES, GRAPHITE/GPOXY
* SAME AS SECONDARY UPPER STHUCTURE AND SECONDARY LOWER STRUCTURE.

Fig. 3.2-24 Primary Structure (Lower Caps®)

NN SESE ST
DRSS o
U

‘‘‘‘‘‘
~r 2

c
enamim | o cu | ety | weignr
L8 Kg
A. UPPER SHEAR TIES 1820 04 62 630 | 241
8. VERTICAL SHEAR TIES 394 0.31 968 1310 | 595
€. LOWER SHEAR TIES 280 0.31 2240 1900 | 864
D. FITTINGS-PRIMARY 3941 21,800 | 9910

Fig. 3.2-26 Primary Structure intsgration Iterms
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e UPPER AND LOWER CAPS
SAME A8 PRIMARY STRUCTURE LOWER CAPS

e POSTS
- . &M TOTAL
-y NUMBER/ WEIGHT
R LENGTH, M DIA, CM 1, MM BEAM 18 KG
' 1. LONGITUDINAL 6.0 2.38 0.203 3 0.81 2.37
2. TRANSVERSE 09 2.36 0,203 9 050 | 0.22
i 3. WIRES 14 0.31 - 12 230 | 010
4. FITTINGS & :
ATTACHMENTS 048 - 7
P amn  » . oo mm—
b TOTAL BEAM WEIGHT I Y |
caps POS™S
: NUMBER REQD/ANTENNA Lt LLIANTENNA
. ; CIRCUMFERENCE 174 CIRCUMFERENCE 174
L TRANSVERSE 4717 TRANS\V'ERSE 2177
Fig. 3.2-26 Secondary Structure
< :": NUMBER: TOTAL WEIGHT
o i ITEM LENGTA, M | DIA, CM | ANTENNA | LB KG
_ A. LOWER SHEAR TIES 25 031 2240 1930 417
— _ 8. VERTICAL SHEAR TIES 18.7 031 4881 3160 1438
j5 v C. FITTINGS-SECONDARY 3019 18,000 8182

Fig. 3.2-27 Secondary Structure Integration Items
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; ELEMENT 1
* <DPDDDDDE 1
A |
F—‘ums&u———‘
' i
: .% v . J‘
” ELEMENT . MEMBER NUMBER/ MEMBER TOTAL WEIGHT . ' i
MEMBER HEIGHT,CM | T.MM LENGTH, LM | ANTENNA | WEIGHT,LB 8 KG ' 1
A X2 127 68.7 8 604 4032 | 1838 i
> 8 627 122 73 8 509 4192 | 2178 ! :
L ¢ 627 127 3.7 4 217 ges | 394 i
‘ FITTINGS 38 380 172 \ '
TOTAL PER ANTENNA 10082 | 4882 B ‘
ASSUMPTIONS. 0
Prember = 4000 LB, MODULUS OF ELASTICITY 6 X 10° PS1, PINNED END, .
118"/ELEMENT — GRAPHITE EPOXY - ..
= Fig. 3.2-28 Elevation Joint Support
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ELEMENT HEIGHT
ELEMENT THICKNESS
ELEMENT SPACING
BEAM WIDTH

BEAM UNIT WEIGHT
TOTAL MEMBER LENGTH

8.27CM

1.27 MM

M

<] .
3.44 Kg/METER
4876 METERS

WEIGHT

~ MEMBERS
~ BEAM FITTINGS
~ MISC ATTACH,

TOTAL YOKE

8 L]

36901 16773
1500 682
3840 1745

42241 19200

.

ASSUMPTIONS:

P member = 5000 LB, MODULUS OF ELASTICITY 6 X 10° PS1 PINNED END COLUMN

L = 118° INCHES/ELEMENT, GRAPHITE-EPOXY

Fig. 3.2-29 Elevation Yoke
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o ELEMENT DIAMETER 6.56 CM
e ELEMENT THICKNESS 1.39C™
e ELEMENT SPACING M
o BEAMWIOTH M
e BEAM UNIT WEIGHT 3.95 Kg/METER
e TOTAL MEMBER LENGTH 1030 METERS
e TOTAL WEIGHT 8951 LB {4089 Kg)
ASSUMPTIONS:
Pmember = 5000 L8, MODULUS OF ELASTICITY € X 10° #81
L = 118 INCHES/ELEMENT, GRAPHITE-EPOXY
Fig. 3.2-.30 Azimuth Yoks Support
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ELEMENT DIAMETER 6.53

ELEMENT THICKNESS 1.39 MM
ELEMENT SPACING wm

BEAM WIDTH m

BEAM UNIT WEIGHT 3.956 Kg/METER
TOTAL MEMBER LENGTH 9832 METERS

WEIGHT L8 Kg
- MEMBERS ‘ 85439

~ BEAM FITTINGS 1500 682
~ ATTACHMENTS 9694 3952

TOTAL YOKE 95633 43470

ASSUMPTIONS:  Pmember = 5000 LB, MODULUS OF ELASTICITY 6 X 108 PSI,
PINNED END COLUMN L = 118 INCHES/ELEMENT,
GRAPHITE/EPOXY

Fig. 3.2-.31 Azimuth Yoke
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AZIMUTH ROTARY JOINT
¢ ANTENNA SPEED 0.728 X 104 RAD/SEC
e GEAR REDUCTION 2.47 X 165
e MOTOR SPEED 18.4 RAD/SEC
e MOTOR TORQUE 2.8 FT-LB (THEORETICAL-NEGLECTING
ERICTION)
e WEIGHT . L8 Kg
- GEAR BOX & MOTORS 24085 10938
- DRIVE 2389 1008
- BRUSHES 1100 800
~ SUPPORT 21108 9634
TOTAL EACH 48750 2158
(TWO REQD)
(97500) (44316)
ELEVATION JOINT
¢ SCALED FROM ASMUTH ROTARY JOINT
¢ TOTALWEIGHT=12,150X 2REG~ 24300 LB
(11,045 Kg)

Fig. 3.2-32 Meclsinisms snd Support

MECHANICAL (MOTOR/GEARS) LINEAR INDUCTION MOTOR
LINEAR STEP TACRV
Lo ‘ L Y-
GEARBOX 24085 LM 214 4000
DRIVE 289  ARMATURE 432 1000
BRUSHES 1100 BRUSHES 1100 1100
SUPPORT 8987 SUPPORT 8000 6000
EACH 36541 EACH 11748 12100
2REQD {2) 23492 | (2124200
POWER ,
CONDITIONING 4000 12206
TOTAL LB 73802 TOTAL LB 27492 36408
Ko (33216) K9 (12500) | 116100

Fig. 3.2:33 Rotary Joint Drive (Mechanical vs Linear Induction Motor)

.




3,3 CONFIGURATION ANALYSIS
3.3.1 Control_Analysis

The characteristics of a phased array Microwave Power Transmission System elimi-
nates the rieed for mechanical fine pointing of the antenna. Signal phasing compensates for
misalignment and distortions in antenna surface up to 1/16 of a wavelength with minimal loss
in transmission efficiency. Amn overall anterna misalignment error of + 1 aré-min can be
tolerated by the subarrays. The purpose of this subtask is to define the environment and

load requirements for the design of the antemna pointing system servomechanisms, defihe

the best accuracy that cah be achieved with this system and identify the likely design
approach,

8.8.1.1 Spacecraft Torque Environment

Figure 3.3-1 summarizes the torque environment for the baseline SSPS system
(Ref. 2). Torque calculations are based on the configuration data presented in Fig. 3.1-2
and the following additional groundrules: '

¢ Baseline orbit - equatorial geosynchronous

¢ Baseline attitude ~ long axis (X-axis) perpendicular to orbit plane, the solar array
normal (Z-axis) parallel to the projection of the sun vector onto the orbit plane.

The externsl disturbahce torques are induced by aerodynamic, solar pressure, maghe-
tic and gravity gradients. Gravity gradient torque predominates the induced torque environ-
ment by several orders of magnitude arid will be the only source of external torque used to
define mechanical system requirements.

Control system torque levels are limited by SSPS structural bending. A force levcl of
2980N (667-1b) used for orbit keeping and applied at the corners of the sélar array, was
found in Ref. 3 to be the maximum force at which structural deflections can be limited to
+ 1 deg. This force, however, induces symmetric bending and does not affect antennd
motion. A 44.5N (10 1b) coupled jet firing is used for attitude control and induces anti-
symmetric bending modes which do impact contiol system design.

- 8,8.1.1,1 Antenna Motion Relative To Spacecraft - Figure 3.3-2 shows a typical system

that provides rotation in azimuth and elevation, The azimuth rotary joint is located at the
mast interface between the antenna assembly and the solar arrays. Azimuth motion is pro-
vided by variable speed motor drives located at this interface. An actuator for elevation
control could utilize proportional linedr control (worm gedrs and linkage) arid would be
located at an offset distance from the main antenna-to-mast rotary joint.

3.3-1




TORQUE ‘T))

SOURCE COMMENT
AERODYNAMIC N/A At an sititude of 19,333 h mi, the atriospheric
density is equivalerit to the plasma proton density:
=34x 102 kgm m3
(3.0 x 1022 gug/ted)
The resulting force on the SSPS is:
E=22.4.x 105 Newtons
(5% 108 1b)
Thie relatively low magnitude and resulting torque
can be ignored as a factor in design of mechanical
interface (Ref. 1).
SOLAR T, = 138 newton-meter Totsl Solar Collection area = 49 x 108 m?
gm ftib) Solar Pressure Constant = 45 x 10® newton/m*
T, = 5550 newton-meter »e -
Y (4100 ft-1b) Separation of Cp from cg 25m (Ref. 1)
T, = 00
MAGNETIC N/A Adjacent
Early unit magnetic field in the system has
opposite polarity with a net magnetic torque
of approximately zero. (Ref. 1)
GRAVITY Ty = 3100 newton m/deg The system X axis is perpendicular to the orbit
deviation plane tesulting in zero nominal torque about y
{23,000 ft-Ib/deg) and zbaxis. Small limit cycle motions (£10) cause
destabilizing spring torques. The y and z axis
T = 271
z ::v‘gg::vt on m/deg rotate through 360° per orbit and produce
(10,000 ft-Ib/deg) torques with the max value shown when y and x
T 12.1 x 10% newton-m axes are at 45° to the vertic J. The period of this
* e * disturbance is twi day. (Ref. 1
maX " (8.87 x 10 ftib) ce e day. (Ret. 1)
CONTROL Tx = 6.754 x 105 impulsive jet forces limited to 667 Ib to limit
newton-mieter SSPS structural deflections to less than + 1°.
(4.979 x 10° fr1b) (Ret. 1)
Ty = 7.8x 108 Max torques assume coupled firings
newton-meter
(5.78 x 108 )
Tz = 7.9x 108
fewton-meter

(5.76 x 108 f1.1b)

Fig. 3.3-1 System Torque Environment
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VARIABLE SPEED DRIVE
MOTORS —

o — l RECTENNA

T - BORESIGHT
\ MAINTAINED 8Y

—
i PHASE FRONT
7 7 CONTROL EARTH

COARSE POINTING £ 1 ARCMIN

PROPORTIONAL COMTROL
LINEAR ACTUATORS
(VERTICAL MOTION)

Fig. 3.3-2 Microwave Antenna Mechanica! Pointing System




The elements defining reduired motion of the antenna relative to the spacecraft in¢lude
the nominal motion between the sin~oriented SSPS and the earth pointing antenna, the normal
SSPS control system limit cycle, and the bendihg motion of the SSPS mast at the atitenna
interface. The once-a-day 360° rotation of the antenna reiative to the long axis of the solar
pointing spacecraft is required to maintain boresight pointing to the rectenna. Additionai
antennia motion in azimuth and elevation is tequired to compensate for normal +1° space-
craft limit cycling. The modal characteristics of the SSPS affecting the antenna elevation
drive {s shown in Fig, 3.3-3. The normalized modal displacements, #, and the normalized
modal slopes, o, corresponding to each mode, are identified at the ends of the axis where
the cortrol actuators and sensors for the SSPS are located (data presented in Ref 4). Also
included is the anti-symmetric mocle shape used to determine movement at the aritenna
interface driven by a coupled firing of the 44,5N SSPS attitude controllers. Maximum
antenna motion due to bénding will be approximately 0.15° at a frequency of 0,018 rad/sec.

Figure 3. 3-4 stuhmarizes the system angular motion requirements for design of
mechanical interfaces between the spacecraft and antennd, Control error signals will be
sinusoidal with a frequency equal to that of the SSPS control system limit cycle. Anti-
symmetric bending motion is superimposed on the basic control motion. The minimum
azinuth antenna rate is equal to orbital rate, while minimum rate in elevation is zero.
Maximuf azimuth rates occur just prior to SSPS jet firing and are induced by gravity
- gradient torquées. Maximum accelerations occur at jet firings in azimuth and at peak energy
points in the anti-symmetric bending oscillation in elevation.

3.8.1.1.2 Antenna Disturbance Torques - The rotary joint configuration shown in Fig. 3.2-2
consists of four equally spaced rollers attached to the solar arrdy mast (Ref 5). The rollers
slide on a track incorporsted on the rotating mast. There are two sets of rollers at each
rotary joint, Each set of bearings transmits bending moments through the mast segmients

by normal loads in each set of rollers. The critical mast bending moments result from
loads induced by spacecraft gravity gradient correction torques. These torqués produce a
3600N* m bending moment which results in rolling friction torque of 1077N.m in each set of
rollers. (The Teflon coated rollers have a coefficient of friction against rolling of 0.05.)

The slip ring brushes also induce frictional torques. Contact pressires between the
brushes arid rotary joint ririg will vary between 27,550?\'/11‘12 and 68, 940N/m? (4 and 10 psi)
for optimum power transfer. At an assumed 8ystem voltage of 20 K\' and a brush current
rate of 7,76 x 104 A/m2 60 A/inzi. 6.45m2 (104 inz) of brush area Is required to transfer
10 GW of power. The total normal force is 4.45 x losN (1051b) at a coefficient of friction

3.3+4
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Co RAD/SEC. 0.0076 00178 | ooz 0.025
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AZIMUTH ELEVATION

PARAMETER SERVO SERVO COMMENT

CONTROL | Alt =W t+ KSin2wyt | E =K, Sin2wgt wg = ORBITAL RATE

VARIABLE + KySinwet Wep = ANTI.SYMMETRIC MODE FREQ = 018 RAD/SEC
Ky = ATTITUDE DEAD BAND = £1°
K, = ANTI.SYMMETRIC BENDING MODE SLOPE = £.00155 RAD
K Sin2.,t SIMULATES CONTROL MOTION WITH A PERIOD
EQUAL TO THAT OF GRAVITY GRADIENT TORQUE.

MIN RATE | 728X 10 RAD/sEC 00 ORBITAL RATE

MAX RATE | .69 X 10" RAD/SEC 35X 102RAD/SIC | MAX RATE BUILD-UP DUE TO GRAVITY GRADIENT

SLEWRATE | .728X 104 RAD/SEC 00 ORBITAL RATE

MAX ACCEL. | 15X 107 RAD/SEC? | 868X 109 RAD/SEC?| CONTROL TORQUE IN AZIMUTH; BENDING MODE
RESPONSE IN ELEVATION

POSITION

ACCURACY - 1MIN 1MIN

Fig. 3.34 Servomechanhm Environment
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¢f 0.1 and & mast dtameter of 50 meters, I,02 x 10°N.m (76 x 10* ft-1b) of torque Ia Ineluded
by the slip ringa. Flgure 3,3~ shows this torque variation with power level,

Antenna gravity gradient torques on the rotary joints are calculated using the cyuations
shown in Fig, 3.3-6. The disturbance torque is approximately 364Nem/deg (260 {t-Ih/deg)
offset between the antenna boresight and the local vertical. The nominal antenna azifmith
angle 18 offset 2.6° a8 a result of locating the spacecraft at the stable node point, 123° West
longitude, and the rectenna at 104° West longitude. An additional 3. 8° offset results from
eccentricity drift caused by solar pressure on the solar arrays. The elevation angle offsct
is 6.5° caused by locating the spacecraft ori the equator and the rectenna at 40° North
latitude.

The next highest disturbance sn the antenna servo system results from electromagnetic
radiation forces. An estimate of the force created by the electromagnetic enérgy radiation
from the antenna has been computed (Ref 6) assuming a total power input of 1010 watts and
a frequency of 3 GHz. The force is calculated by replacing tlie electromagnetic fields at the
aperture of the slot array by equivalent current sources and computing the forces on the
image currents which replace the aperture giound plane. The results predict an electro-
magnetic force pressure of 2.3 x 10” N/mg' normadl to the antenna and a corresponding total
force of 18N,

Although the electromagnetic forces do not place a significart design requirement on
the antenna controi system, the constait force in the radial direction does require the SSPS
to contindally perform orbital corrections. An acceleration along the radial direction does
not significantly modify the energy of the orbit. The orbit will develop an eccentricity but
the orbit period will remain dlmost constant. The force of 18 Newtons will cause a r~dial
perturbation of

#AR = 1,852 km (1.00 n mi)
by the 80th day. (This same acceleration along the velocity vector would change the semi-
major axis by (120 n mi) in the same time.) The piropellant requirement to make an altitude
correction of 1.0 n mi for an SSPS of 10% slugs and an ISP = 8000 scoonds s,
W, = 6.7 kg (1 b)
This would be equivalent to a yearly propeilant requirement of,
\\’p = 30.8 Kg 68 1b)

3.3.1,2 Pointing and Control

Qualitative and limited quantitative data has been generated for defining mechanical
steering of the transmitting antenna. This data will be used in an overall assessment of

3.3-7
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POWER TRANSFER IN WATTS X 10°

CONTACT PRESSURE » 0
CURRENT RATE = 60 A/In’

1.& i — ‘*h——A——L—A——a
100 200 300 400 500 600 700 800

TORQUE REQ'D TO OVERCOME SLIP RING FRICTION

{X 1000 FT-LB)
- 1 X
400 1200
(X 1000 NEWTON METERS)
Fig. 3.3-5 Slip Ring Friction Torque
F, T =Tg + FASING
I e -.3_“3 Uz} 8IN 29 @=14x10%

2,

n-'z‘-"‘g-owf
'
s

WHERE
Tg = GRAVITY GRADIENT TORQUE

F, = RADIAL FORCE DUE TO DIFFERENCE
IN §/C AND ANTENNA ORBIT MOTION

Fig. 3.36 Control System Requirements
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microwave beam phase front centrol, The results of this effort indieate that mechanienl
stecring of the anfenna to accuracles bet#nr than 1 arc-min a: ¢ readily achicved without
substantial increase in control system torque or horsepower requirciments.

Figurc 3.3-7 summarizos control system design used in preliminary assessment,
The initlal response of the motor drive will be to relieve torque loads on the antennd induced
by spacecraft (SSPS) disturbancés, ‘fnese spacecraft disturbances include gravity gradients,
bending modes, ard normal satellite limit cycling with a time constant of 12 hours,

Spacecraft bending modes couple througlh the rotary joint and are of the form:

e =A g 08 wet.
This motion is coupléd into the antenna through rotary joint friction in bath elevation and
azimuth, Antentia motion of the form
© = Asin wst
due to spacecraft bending dynamics which is coupled into the antenna only in elevation., This
occurs because the antenna system uses only a 2-axis gimbal system. This coupled inertial
load into the antemma is relatively small.
" The gravity gradient disturbance has been neglected in this study because it is orders

of magnitude less than the coupling disturbance and fri¢tion torque. The 1° satellite limit
cycle is also neglected with the rationale that the 12-hour period is sufficiently long to

" assume that steady state corrlitions exist.

The preliminary system design is modeled as a motor directly driving thé antenna
through a shaft. Gearing dynami¢s and selection can be made with detail analysis at a later
date, A study of control torque requirements and power requirements indicate that they are
insensitive to variations of control frequency within the range studied. The system siwc
requirements to achieve 1 arc-min are:

Az 1,02x 106 Nom torque;
0.18 hp

El: 2830 N°m torque;
1.8 hp

3.3.2 Thermal Evaluation

During Task 1, the analyses were centered about studies of the sensitivity of temper-
ature level and temperature gradient within the antenna sup;orting structure (Fig. 3.3-3) to
parameters such as antenna size, power transmitted, efficiency of microwave converter,
thermal radiation properties of structure, and spacing of structural elements.
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FRICTION KFF el FRICTION
COMPENSA T
LogGic XKFF — TFE TORQUE
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(MOTOR DRIVE) .
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'™ o L % A
(RATE GYRO)
{‘chk
POSITION SENSOR
{1 |-
J S |
T
NOTE: K = ~EE
c
) = ANTENNA INERTIA (SLUG 6 FT2)

Keg =  FRICTION COMPENSATION GAIN (SEC)
Ter = FRICTION TORGUE MAGNITUDE (FT-L8)

W, = CONTROL SYSTEM BANDPASS FREQUENCY (RAD/SEC)

Tm = MOTOR TIME CONSTANT (SEC)

Bga =  STRUCTURAL DISPLACEMENT AFFECTING ANTENNA POSITION
(RADIANS)

6ga *  STRUCTURAL RATE AFFECTING FRICTION FORCES (RAD/SEC)
64 =  ANTENNAPOSITION (RAD)

84 =  ANTENNA VELOCITY (RAD/SEC)

©4 =  ANTENNA ACCELERATION (RAD/SEC)

T« TOTAL ANTENNA TORQUE (FT-L8)

Te = FRICTION TORQUE (FT-LB)

Tm =  MOTOR TORQUE (FT-LB)

Fig. 3.3-7 Preliminsry Design Control System
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For purpose of selecting candidate materials for the support structure, the maximum i
expected temperature must be determined, Should the support structure be used as an
electrical distribution system from the solar arrays to the microwave converters, temper-
ature level will also be required to establish the electrical resistance of the conductors,

Reference 11 states that the antenna powér transmission distribution will be Gaussian
in cross~section, With thé present method of rejecting heat from the microwave convertcrs,
the radiant heat flux to the antenna support structure will also have a Gaussian distribution, o
Figure 3, 3-9 gives such a distribution for a 1 km diatiieter antenna transmitting 10 GW with ;
a microwave converter efficiency of 90%. 1.

The maximum structural temperature will occur in the member that is closest to the

center of the antenna where the radiant flux is maximum. Temperature magnitude will V.o

depend on the a s/e ratio ' the element, the geometric shape of the element, $o a minor

extent the cistance of the element from the antenna surface (for distances up to 50 meters y

the variation is less than 6°K) and, to & major extent, the magnitude of the radiant flux at.
the center of the anterma. This last factor depends on microwdve converter efficiency,
spacing and power transmitted,

Figure 8. 3-10 shows maximum structural temperatures as a function of transmitted
power for three antenna diameters and two microwave converter efficiencies. The three
basic trends are: (1) increasing the transmitted power increases the maximum structural
temperature, (2) increasing the efficiency of the microwave power converter decreases the i
maximum structural temperature, and (38) increasing the diameter of the antenna decreases ;
the maximum structural temperature, !

After completion of Task 1, Raytheon selected the following values for the antenna
parameters (Ref 13):

¢ Antenna diameter 1km
¢ Radiated power 6.45 GW
¢ Amplitron output power 6kw

e Amplitron efficiency 85% .

e Klystron outpt power Gkw
e Kiystron efficiency 8%
¢ Illumination exp (-2, 80(r/a)2)
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This {llumination distribution results from a microwave converter spacing given by:
L= Ly, exp ((£/466)°)

Ah analysis by Raytheon revegled that 87.5% of the waste heat generated in the micro-
wave converter tubes would be radiated towards the antenna support structure, with the
remaining 12.5% being radidgted out of the opposite side of the antemia surface toward earth.

Thermal analyses of the following key problems were performed using the above values
for the MPTS parameters: Geometry of beam cap elements, temperature difference between
beam caps, colurhn temperatures, and effect of microwave converter spacing on the waste
hest profile with its attendant effect on beam and column temperatures.

3.8.2.1 Geometry of Beam Cap Elements

This study involved determining the maximum temperature and the temperature
difference within structural members having tubular, high-hat and triangular cross-sections
(Fig. 3.3-11 and 3,3-12). Maximum temperature is important from the materials selection
and strength standpoint, while temperature gradient is important because of the induced
thermal stresses. The structural mieémbers considered in this study are those that make up
the beam cap and dre in a plane parallel to the anterma surface (Fig. 3.3-11). (Members in
4 perpendicular plane were considered gseparatcly.) They ate heated by radiation from the
hot antenna surface below it. For this study the anteuna surface at the center was taken to
have an effective temperature of 600°K which is approximately the situation when the antenna
is 1.0 km in diameter and transmitting 6.45 GW with a microwave converter efficiency of

76%.

The temperature analyses were performed by subdividing the particular geometry info
nodes (between 8 and 11, depending on the shape) and determining the radiation oouplings
between the hodes themselves and between the nodes and the antenna surface as well as deep
space (Fig. 3.3-13). The computer programs CONFAC (CONfiguration FACtorj and AF1
(script F) were used to determine the 50 or so significant radiation couplings. Conduction
‘effects were neglected, which is a conservative approach, pending material and thickness
seleétlons. Once the mathematical mc lel of 2 geometry was established the computer
program SSTA1 (Steady-State Thermal ‘nalysis 1) was run to evaluate temperatures. The
results of the investigation are discusse ext.

4,3.2.2 Tubular Cross-Section

Figure 3,3-. >-esents thé maximum .mperature that a structural member with a
tubular cross-section wiil experience as a function of the effective antenna surface
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NOTE
® THIN WALLED TUBE ASSUMED
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Fig. 3.3-14 Maximum Tube Temperature as a Function of Antenria Surface Temperature with
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temperature, The tube outer surface was taken to have an emissivity of 0,9 (e.g. white
paint). Three values, 0.1, 0.4 and 1.0, were used for the emissivity of the inner wall, and
as expected, thé higher the omidsivity of-the inner wall, the lower the maximuih temperatire,
This is due to the increased thermal communication between the hot bottom and the cool top
afforded by the higher inner wall emissivity., Figure 3.3-15 shows the temperature differ-
ence between the bottom and top of the tube for the three interior emissivities, Tlese
tempetrature differences Induce bending stresses within the tubes. To sustain these induced
stresses, the tube wall must have a minimum thickness. Based on Fig, 6 of Ref 22, Fig.
3. 3-16 was generated. It is apparent from this figure that stresses induced in alwnirium
are considerable and that the required tube wall thickness would have to be an order of
magnitude greater than that required for a graphite/epoxy tube. Furthermore, the need to
paint the inside 6i aluminum tubes black is obvious, otherwise the required tube wall thick-
ness will léad to an exéessively heavy beam, For example, a tube diameter of 0.1 meter
requires a minimum tube wall thickness of 1 mm (0.039 inch) to sustain the induced bending
stress associated with a témperature difference of 235°K. Painting the inside surface black
will reduce the required thickness to 0,43 mm (0,017 inch), a greater than 509 reduction in
weight. An alternate approach to paiting the inside of the tubes black is to manufacture
the tubes with holes in the wdlls. This mdy prove even more effective than the black paint
in reducing the maxithum temperature and temperature gradient.

A review of Fig. 8.8-14 shows that neither aluminum nor graphite/epoxy car be used
in a tubular geometry in locations where the effective surface temperature is greater than
500° K because the maximuri working temperature of these materials will be exceeded.
Insulating the bottom half of the tube with layers of aluminized Kapton will lower the
temperature sufficiently so that they can be used. Note, however, that the temperature
gradie-” will not be significantly reduced, This is apparent from Fig. 3.3-15 which shows
the temperature difference to be a weak function of effective antennd temiperature. (Insulat-
ing the bottom half of the tube cari be viewed as reducing the effective antenna tomperature).
Wrapping the entire tube with insulation will result in smaller temperatire gradients but

higher temperatures.

In conclusion, a tube is considered a poor geometry for a structural member that is
parallel to the antenna surface due to the high temperature and giradiont that will exist
within the tube,
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3,8.2.3 High-Hat Section

The high temperature and gradlents within the tube geometry are caused basically by
the bottom segment of the tube not being able to radiate dlrectly to deep space and the top
gegment not receiving radiant energy directly from the anterma surface. A 'high-hat"
geometry does not have this disadvantage, Instead each segment has some view of both the
antenna surface and deep spade; albeit the fractional view of each varies from segment to
segment, o

Figure 3, 3-17 shows the temperature distribution in a high-hat section that is dimen-
sioried L x 6L x 4L, Two cases are shown: One where both sides of the member are painted
‘white, and the other case where the side towards the anterna surface hes a low emissivity
coating (¢ = 0.1) or, if aluminum were used, the side towards the antenna surface is left
untreated.

A solar load of 1356 watts/meter> was applied to the right side of the high-hat to obtain
the maximum temperature gradient. The following conclusions can be drawn from Fig.
3,.3-17:

¢—_The high-hat section runs cooler than the tubular cross-section
¢ Temperature gradients are smaller in the high-hat thar in the tube

e Both sides of the high~hat shouid be painted white as this reduces the maximum
temperature difference from 196°K to 76°K

¢ Aluminum or graphite/epoxy cannot be used without some insulation between the
member and the antenna surface.

3,3.2.4 Triangular Cross-Section

The next geometry considered was that of a triangle. In this geometry each segment
of the triangle has a good view of cold space. Figure 3,3-18 shows the téemperature distri-
bution within such a member with and without a solar load. Of great significance here is
the low maximum temperature of 439°K (330° F) which permits aluminum or graphite/epoxy
to be used, This geometry can be easily manufactured with one side of the aluminum sheet
left untreated and the other side painted white or given an alzac finish, Graphite/epoxy
would have the top painted white and the side facing the antenna would be aluminum foil

bonded into the epoxy.

The maximum temperature differences in the triangular staped member are seen to
be 73°K with a side solar load and 56°K without a solar load. The two side tabs are rurining
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cooler than the triangle.proper. Increasing the emissivity of the tabs on the side facing the
antenna surface results in higher tab temperatures.. Therefore, it is possible to reduce the
{emperature gradient within the member hy proper selecdtion of the emissivity of the tabs,
Although applying a coating to the tdbs will increase manufacturing costs, the smaller
tempe rature gradient will permit a thinner, and hence lighter, structural member to be
used. The net effect. may be a reduction in the total system cost.

Figure 3.3-19 presents the maximum temperature and temperature difference that
Figure 8. 3~19 exists in triangular members. The results are shown with and without a
side solar load for two different size tabs with various emissivity values on the tabs. The
emissivity value that minimizes the temperature difference is in the neighborhood of 0. 2,
which can be achieved by applying an anodized coating 0.1 microns in thickness (Ref 23).
The maximum temperature différence is reduced to 30°K with solar load and 12°K without
solar load.

Figure 3, 3-19 also shows that there is no thermal advantage to the larger tabs., How-
ever, opening the triangle beyond the 60° angle considered in the study will reduce both the
maximum temperature and the temperature difference within the member. In the limit,
opening the triangle completely to a flat plate produces the lowest possible temperature,
337°K (147°F), for white paint on the top (€ = 0,9) and unfinished aluminum(é = 0.1) on the
bottom. This is, of course, at the complete expense of the member streéngth., No doubt
there is an optimum angle,

The following conclusions can be drawn from this study of candidate beam geometries:

e Tube geometry is the worst from a thermal standpoint. Tt.e highest temperatures
and largest temperature differences are achieved with this geometry, The use of
aluminum or graphite/epoxy tubing near the center of the antenna will not be
possible without the use of some insulation between the tubing and the antenna
surface.— (The insulation should not encapsulate the tubing. )

e The high-hat section is not an attractive géometry although the temperature picture
is somewhat better than the tubular geometry, The tube with its greater rigidity is
preferred over the high~hat.

e ‘The triangilar section is the best geometry of those studied. (it has the lowest
temperature and the smallest temperature differences. It can be easily manufac-
tured arid made of aluminum. Whether it is economically justifiable to anodize the
bottom of the side tabs remains to be investigated.
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Figure 8. 3-20 and 3, 3-21 summarize the results of-the study and show clearly the
thermaily superior performance of the triangular geometry, both from the standpoint of
lower maximum temperature and smaller temperature difference,

3.3.2.5 Temperature Profile

Temperature profiles along the beam cap elements were calculated for the MPTS in
vatious orbital positions during the equinoxes and solstices, Orbital variations in the
temperature profiles are caused by the varying angle, normal to the structure made with
the sun vector, as a result of the ahtenna being earth oriented. The "North-South' and
"East-West" beam caps have been assumed to be oriented at 45° to the sun line to minimize
differential solar inputs. The temperature p ~files chdnge during the yedr as a result of
the solar load on the structure varying with the vaanges in Earth-Sun distance and the inclin-
ation of the solar vector to the orbital plane.

Figure 3.3-22 shows three temperature profiles for a beam cap member located one
meter above the antenna surface. Two profiles dare for the extremes of the full sun condi-
tion, that is, when the structure is located at the sub-solar point of the orbit during the
equinoxes and the summer solstice. It is observed that the yearly variation in thé tempera-
ture profile of a beam cap element is only a few degrees. This is contrasted with the orbital
variation which is much greater., Figure 3. 3-22 shows that as the structure near the center
of the antehna goes around #h orbit its temperature will change apﬁmxjmately 50°K. Near
the perimeter of the structure, where the sun's load represents a greater fraction of the
total heat load on the structure, the temperature of the beam elements shifts roughly 150°K
as the MPTS moves around an orbit. This swing in temperature may be significant when
one considers that there will be over 10,000 such cycles during the 30-year life of the

MPTS,

The temperature swing near the structure periméter is reduced when a more nearly
uhiform microwave converter spacing is used. The temperature profiles shown in Fig.
3.3-22 are those associated with a scale factor p = 466 meters* which produces a 10 to 1
power ratio from the center to the antenna tip. With a scale factor of p= 557 meters the
power ratio i8 reduced to S to 1 and, as Fig. 3.3-23 shows, the temperature shift near the
perimeter is reduced from its previous value of 150° to 120°K, The swing near the center,
however, has increased from 50° to 60°K.

9
*Microwsdve Converter Spacing = L . X Exp (x/p )
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Another significant item shown in Fig. 3,3-23 is that the maximum temperature has
been reduced from the 440°K shown in Fig. 4.3-22 to 425°K, This is an important reduction
in teniperature ae it provides some margin for an aluminum or graphite/epoxy structure,
(The maximum recommended service temperature for these materials is 450°K.)

3,3.2.6 Temperature Difference Between Beam Cap Elements

The temperature gradients within the antenna support structure will posé the most
severe design condition for maintaining structural flatness. The severify of the problem is
indicated by Ref 12 which states that to limit antenna tip deflections to less than 1 arc-min,
the te - p.rature difference between the upper and lower caps must be less than 3°K. Some
of the temperature gradients and their causes that can exist within the structure are given
next.

A temperature gradient through the cross section of a staridard member will exist
tending to give the member a bandha shape. Such a gradient is caused by non-uniform heat~-
ing around the surface of a member. The maghitude of the gradient depends on the material,
surface radiation properties and geometry of the element. Figure 3.3-21 shows the trian-
gular shaped geonetry to have the smallest temperature difference ( 20°K versus 400°K
for the tubular geometry with low inner wall emissivity).

However, a much more significant tempersiture difference that can exist within the
structure is between cotresponding elements on the upper and lower caps. The cause of
the temperature difference is the difféerent views that the two corresponding élements will
have of the radiating antenna surface, with the element furthest away effectively receiving
radiant energy from a larger portion of the antenna surface below it. For example, 90% of
the radiation flux that impinges on a structiral element located a distance d above the
anterina surface comes from within an imaginary disc of radius 3d on the surface below it.
Because the surface has a Gaussian rather than a uniform distribution, the further element
will receive a different amount of energy than the closer element. The amount of radiant
energy received by the furthér element may be more or less thdn that received by the closer
element depending on the location of the elements with respect to the center of the antenna,
Near the center, thie further element will receive less energy, while near the edge it will
receive more. The exact amount of energy received by an element and its resulting
temperature were calculated using a computer program that was developed to account for
the Gaussian waste heat distribution on the antenna surface.

As g result of this type of temperature difference, the elements on the lower cap will
expand more than those on the upper cap and the antenna will tend to "'dish.” XNaturally if a
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constant temperdture difference existed hetween upper ahd lower caps, the structure could
be built ¥ith members prestresscd such that when the temperature difference was applied
the dntenna would straighten out and become flat. However ds the MPTS travels around an
orbit the temperature difference between beam caps will vary,

An analysis was performed to assess the temperature difference between beam caps,
both on a daily and yearly basis, Figure 3. 3~24 presents results of the analysis and shows
several things, The first is that the greatér the separation distance between elements, the
greater the temperature difference between them. There is virtually no temperature dif-
ference between elements located 6 meters and 1 meter above the antenna siurface, except
near the perimeter where the difference is approximately 3°K, The difference in temper-
ature between elements at 41 meters and 1 meter varys from about 5°K near the center to
nearly zero and then over 14°K at the périmeter. (Note that calculations for temperatures
did not include the effects of partial shading that will occur during parts of an orbit and lead
to an asymmetrical temperature profile about the center of the antenna. ) '

Another item of importance shown in Fig. 3.3-24 is that the orbital variation in the
temperature difference between the 41 and 1 meter locations is for the most part less than
2°K; and this is true any time of the year. The orbital variation in the temperature differ-
ence between the 6 and 1 meter locations is insignificant - it is lost in the thickness of the
line. It is now apparent that the orbital variations in temperature difference are not large
and therefore by properly rigging the structure the thermally induced deflections can be
nulled out on an orbital average basis. The additional time varying deflections may prove
negligible, especially if organic matrices are used, if not it may be possible to electron-
ically compensate for them by "phasing" the miorowave converters several times a day.

It is instructive to consider the temperature differences that are produced by a more
uniform waste heat distribution. Figure 8, 8-25 shows the situation for the scale factor
P = 557 meters which yields a power ratio of 5 to 1 in comparison with the 10 to 1 of
Figure 3,0~24, A comparison of the two figures shows that thé more nearly uniform the
distribution, the smaller the temperature difference betweén beam caps. This is a
second advantage to having a large scale factor; the first advantage of yielding a lower
maximum temperature was mentiohed earlier.

3.3.2.7 Column Temperatures

Temperature predictions for the columns or vertical members tying the beam caps
together as well as the antenna surface to the beams are shown in Fig, 3.3-26. (Columns
rot shown will have temperatures intermediate to the center and perimeter column
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tempefaturcs.) It Is seen that thore is well over a 200°K temperature difference hetween a
column at the porimeter of the structure and the one at the centér. This large temperature
difference does not pose a deflcction problem provided the sizing of the vertical members
reflects the different operating temperatures, However; tareful design consideration will
have to be given to the vertical members to minimize deflections induced by the different
temperature swings (viz., 18°K for a member located near the center, 61°K for a member
near the perimeter) caused by the varying sun load, Use of a low solar absorptance coating
on vertical members will diminish the Sun's influence so far as a direct solar load on the
members is concerned, ( ag = 0. 27 corresponding to white paint was used in the present
study.) However, since the sun's energy is absorbed by the antenna surface and then re-
radiated as energy in the infrared region, it {s seen that the low a, coating will not eliminate
entirely the difference in temperature swings between columns. Organic matrices with their
low thermal expansion coefficients may well be the answer.

The columns near the perimeter afe prone to having large temperature gradients
along their length and through their crose-scciion and therefore will probably not be tubular
in cross-section. The gradients tend t6 exist because of the different views eléments on the
column have of the anténna surface and space. This contrasted with the columns near the
center. Every elenient along these columns, regardiess of orientation or position, has the
same view of the antenna surface and space, 0.5 each. Consequently, culumns near the
center will be essentially uniform in tempereature but rather hot (viz, 482 - 500°K). Coat-
ings, insulation or geometry selections will not yield any significant reduction in these
column temperatures. Near the center of the antenna, the columns will have to be made
from a material such as polyimide that can sustain the temperature level of 500°K, If
aluiminum or graphite/epoxy is to be used for these vertical members, waste heat flux at
the center of the anteina must be reduced., One way of accomplishing this reduction while
maintaining the total power level of the MPTS is to space the microwave converters
differently which can be achieved by increasing the scale factor p. Increasing p has the
effect of reducing the power transmitted fromi the center of the antenna and increasing it at
the perimeter. A discussion of the effects of varying p are given next,

3.3.2,8 Effect of Microwave Converter Spacing

Maximum structural temperatures are dictated by the maximum waste heat flux,
These maximum values occur at the center of the antenna where the microwave converters
are most densely packed. The microwave converter spacing is givenby L = me * EXP
«r/p )2) meters where me = the converter spacing at the center of the antenna in meters,
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r = distance from antenha center in meters, and g = scale factor in meters. it follows that
the waste heat flux radiated towards the structure at the center of the aritenna is given by:

R i . P (1 -71)*
| \ mex = 221,»‘ (-n)*P W_mzl
menep?[1 - EXP @(r,/p) m
L wLare
- ‘. F = fraction of waste heat radiated toward the structure, the remalrder being
= I radiated toward eurth

n = efficiency of microwave converter
L | P = power transmitted by antenna watts
. p = scale factor, meters

Ty = radius of antenna, meters

* L o It is interesting to observe that for a given power transmission the maximum waste
5 heat flux is independent of Loine This can be attributed to the fact that increasing L .
requires increasing the power level per converter. The end result beirg that the waste
heat per unit area remains constant (assuming constant convertér efficiency).

Figure 8. 3-27 presents the waste heat flux at the center of the anténna as a function
of the scale factor p. Two curves are shown: one for a microwave converter efficiency of
A 86% and the other for an efficiency of 70% which is now considered representative of the
3 klystron performance rather than 75%. For values up to about 600 meters, p exhibits a
R strong irfluerice on the maximum waste heat flux, The maximum flux values that can be
tolerated by three candidate materials are shown as 8600, 3600, and 8100 w/m2 for
o aluminum, graphite/epoxy and polyimide composites, respectively, These vulues establish
L minimum values for the scale factor p, i.é., they impose a constraint on the shape of the
—‘“ | L Gaussian distribution. For example, considering an efficiency of 70 and an aluminum

"2 ] structure, Fig. 3.3-27 shows that the microwave converters will have to be spaced accord-
ing to p & 1100 meters, which produces a fairly flat Gaussian distribution, nearly a uniform
distribution. }igure 3.3-28 shows the waste heat profile across the antenna surtace for
three values of p. It clearly illustrates the effect that p has on the waste heat profile;

' ' smallér values of p producing profiles with greater waste heat concentrations at the center
“' ‘ and lower waste heat concentrations at the perimeter, which in turn leads to greater
differences in column and beam temperatures between thé center and the perimeter,
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The effect of p on the maximum structural temperatures is shown in Fig. 3.3-29 for
two cfficiencies, 70 and 857, and two types of members, vertical and horizontal, Figure
3. 3~29 reinforces what was mentioned early thut a vertical member or column will run
hotter than a horizontal beam at the center of the antenna. But more to the relevancy of p
is the trend shown of decreasing tomperature with increasing p. It is obvious that the
choice of p may well impose a conntraint on material selection. It is recognized that p will
influence the microwave transmission efficiency and the total power that can be handled by
the MPTS. It should now be obvious that p has a strong effect on structural temperatures

and material selection which must be accounted for in any studies to optimize the power
received on Earth.

Before closing this section it should be noted that there are other ways of reducing
the maximum structural temperature than by increasing p; some of the methods are:

¢ Alter the microwave converter radiator design so that more of the waste heat
is rejected in the transmission direction of the microwaves (toward Earth) and
less is radiated towards the antenna support structure. In the present study,

87.5% of the microwave converter waste heat is being radiated towards the
structure and 12,5% toward Earth,

e Employ heat pipes to smooth out the heat rejection profile so as to produce &
. nearly uniform profile dcross the surface of the antenna (see Fig. 3. 3-30).

e Design ths microwave converter radiator surfaces to be geometrically and
spectrally selective so as to reduce the amount of solar energy that is absorbed

and to alter the distribution of radiant flux emanating from the antenna to a more
nearly uniform one.

® Use special coatings on the structural members. For the present study white
paint (a s/ € = 0, 8) was used on the side of members facing space and an aluminum
finish (€ = 0.1 and € = 0.2, lightly anodized) for the side facing the antenna
surface. Coatings such as silver teflon (as/ €=0.1) and gold (€ = 0, 05),
respectively could be substituted for the white paint and aluminum.

It must be noted that most coatings degrade as a result of exposure to ultraviolet
radiationl and particulate radiation emanating from galactic sources and the V'an Allen belt,
The 30-year MPTS design life demands that serious consideration be given to establishing
the extent of degradation. At the present time there is a dearth of data for ultraviolet

exposures greater than 10 sun-hours; the MPTS will have an exposure of approximately
2,6 x 10° sun-hours.
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3.3.3 Structural Analysis
The following is a summary assessment of preliminary structural design options:

e . Structural arrangements of the aitenna primary structure leads to selection
based on light weight of a rectangulat grid beam arrangement, which is 15%
to 30% lighter than either a triangular or radial arrangement.

. e Primary structural member evaludtion considering columns of 5, 256 and 100
bro meter lengths concludes that primary structure caps should be built up as
' triangular girders. 18 meter long girders made up of 3 meter bays has been
selected for cap members.

¢ A determination was made that inertially induced deflections are insignificant,
but thermal gradients n.ust be kept low, in the order 2° to 4°C between the
upper and lower caps of the primary structure.

. e Composites offer attractive features in terms of weight savings and thermal
properties.

e Other factors for future study are the integration of power lines and structure.
3.3.3.1 Antenna Structural Design Arrangements

Three structural arrangements were considered as candidates for the baseline design
(see Fig. 3.3-31).

o Rectangular Grid Beams - Primary beams at right angles to each other

e Triangular Grid Beams - Primary beams arranged in such a manner as to
produce geodetic structure

e Radial spoke beams - Primary beams emanating from a central core and
extending to the periphery as spokes in a bicycle wheel.

. The inertial loads applied to the antenna are relatively low, therefore the total structural

¥ weight is a direct function of total beam length, Assuming equal lengths of unsupported

== ¥ beams in each case, the total beam length for the three arrangements were gencrated.

| The ratio of their respective total lengths are shown in Fig. 3.3-32. The respective total
lengths are approximately 15.760 meters for the rectangular grid, 23, 300 meters for the

triangular and 21, 330 meters for the radial. Figure 3. 3-32 was generated to demonstrate

_ weight relationships using an L/D (length of member/dia. of member) of 20 to 100, In each

1=£." case aluminum with a thickness of 0. 02 in. (0.05 cm) and a height between caps of 40 meters

| was assumed,
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3.3.3,2 Structural Member Evaluation

Structural member analyses were carried out to establish a feasible structurdl ar- .
rangement and to calculate member sizes to atrive at the lowest weight compatible with the
existing thermal environment., It should be noted that this study did not include overall
structural geometry optimization cnd the general arrangement, Fig. 3.2-1 and 3. 2-2 was
used to determine member loads and sizes. The previously used applied loads based on !
gravity gradient induced torques, have been superseded by torques generated by slip |
ring/brush pressure and result in an average of 100 Ib force compression loads in the
upper and lower bending members.

Our Task 1 sizing effort was based on aluminmim tubular members to form the base-
line triangular girder. The selection was based on the comparison of (1) a single circular . |
tube 100 meters long and (2) a triangular girder with a tubular member at each apex with T |
cross tubes and diagonal bracing. The later section was also assumed as an Euler column b
100 meters long, since this member, while braced at 25 meter intervals by vertical
members, can fail in the lateral column buckling mode. Figure 3.3-33 and 3. 3-34 show '
the wall thickness vs diameter at various compression lodds for thie Euler failure mode and
were calculated for 5, 25 and 100 meter lengths,

After the thermal profile wds generated, it became evident that the tubular elements,
particularly aluminum, could not be used. Considering that, plus the new loads, selection
of a row shape and material was initiated, resulting in the "modified V' fabricated from L
graphite/epoxy or graphite/polyimide. Analysis of this section, Fig. 3.3-35 shows that it is
capable of balancing a compressive load of 127 1b at 450°K, Local crippling does not i :
appear to be critical. The current investigation did not include loads induced by preloads i

|

in cable cross bracing required to overcome cable slack or tension caused by thermal ex~
pansion, Further study is required for this investigation,

3.3.3.3 Structural Deflection

The primary load which the antenna is subjected to is due to the torques generated by
slip ring brush pressure. A bending moment curve Fig. 3.3-36 was generated and result- ‘
ing deflections calculated. As shown in Fig. 3,3-37 these deflections are within the allow- |
able 1 arc-min,

_ Initially a simplified thermal model was used to arrive at the deflections shown in
B Fig. 3.3-37. With the selection of the 1 km diameter baseline, a more extensive thermal
' profile, Fig. 3.3-24, was generated and new deflections calculated. These cdlculations
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weore performed with the use of an in~house '"3~dimensional frame'' computer program.
Thie rosulting deflections curve and slopes are shown in Fig. 3,3-38 and 3, 3-39 for the
primary structure.

To evaluate the effects of secondary structural deflection on thé overzll deflection, a
soction of structure farthese from the antenna center was chosen for examination, This
particular area was chosen because (1) it is the area that the primary structure expericnces
its largest deflection and (2) the temperature gradients arc highest. Figure 3, 3-40 reflects
the deflections and slopes calculated for the secondary structure, and as cdn be seen, the
magnitudes will contribute very little to the overall deflections.

Note that Fig, 3,3-38 and 3.3-39 show the deflections and slopes calculuted for
temperature deviations that occur during different seasonal and orbital positions. The
mean 4T curves represent the location and angle that the respective waveguide arrays would
be assembled to the secondary structure. Thé waveguide assemblies within approximately
the 16, 000 in, (4068 M) radius can be preset or "tuned" once and left alone. Those located
beyond this radius must be adjustable in flight by use of screw jacks or similar devices.
Further elimination of adjustable devices can be achieved by judicious design procedures
to reduce deflections at the antenna periphery, Close manufacturing tolerances will have
to be augmented by an adjustment or "tuning" technique in order to minimize built-in
waviness and deflections. A study of tolerances, both manufacturing and assembly would
determine the extent and type of adjustment that would be necessary. A typical girder 18
meters long has the following tolerances:

Length : %+ 2 in, (50.8 mm)

Coupling fitting % .25 in, (6,35 mm) (mechanical or weldment)
Straightness +1/2 in, (12.7 mm)

RSS + 2,076 in, (62.73 mm)

The RSS over a 1000-meter length of 40 beam element is:
2 2 2
o LR X )
6'=*,/Nc'.ru where aNg\/l +02 + o

n
The worst case angle of curvature is defined by:

©@= (#/2+8/2 1 -%%—:—-%%)

H

where H = 35 meters

£/2 = 500 meters

6/2 = ,10540 = , 05275
2

= 0, 003 radians or 0.1723°
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As the limit of curvature must be held to 1 arc-min or 0, 01667, a further analyuis is
required to determine probability of this worst case occurring,

3.3.3.4 Materials

Three matorials have been considered for the antenna structure: aluminum,
graphite/epoxy and polyimide composites. Fach matorial has its advantages and disadvant-
ages. Aluminum offers low material cost and cstablished processing, manufacturing and
assembly techniques but suffers from relatively high coofficient of thermal cxpanston,
Graphite/epoxy, an organic composite that Grumman is developing extensive experience
with, exhibits the attractive properties of a low coefficicnt of thermal expansion and a high
strength~to-weight ratio. On the debit side, the material cost of graphite/epoxy runs 25 to
200 tinies that of aluminum. Also on the debit side is the relatively low maximum re¢om-
mended service temperature for graphite/epoxy (conservative designers limit graphite/epoxy
to 450°K, i.e., 350°F, the same as aluminum). Based on the temperature predictions of
Subsection 3. 3.2, the use of either dluminum ot graphité/epoxy for the columns near the
center of the antenna is precluded (see Fig. 3.3-26); the use v these materials for the beam
cap eléments near the center is marginally satisfactory.

Polyimide composites such ds graphite/polyimide or Kevlar/polyimide offet relief to
the temperdture problem as they iave maximum recommended service temperatures in the
range 530 to 645°K (500 to 700° F). In addition to the higher allowable temperature,
graphite/polyimide offers the same main advantages of a graphite/epoxy matrix, namely
high strength-to-weight ratio and low coefficient of thermal expansion. Figure 3.3-41
shows thése properties for various graphite composite systems, Little data exists for the
strength charactéristics of epoxy and polyimide composites at elevated temperatures,
However, Fig. 3.3-42 sheds light on the performance of these materials when used as
ddhesives. The superiority of polyimide over epoxy at 533°K (500° F) is obvious. But
concern exists as to what the performance of polyimide will be after 30 years (2.6 x 105 hrs)
of operation at 533°K. Figure 3.3-42 shows that after 4 x 104 hours (4.6 years) the lap
shear strength is only 66% of its value after 10 hours. Suitable tests and extrapolation
procedures are required to resolve this concern,

On the debit side, the material and processing costs for polyimidés are considérable
in comparison with epoxy. Futhermore, as Fig. 3.3-43 shows, polyimides have a high
volatile content, More than likely the polyimides will be processed in space and, therefore,
a suitable bleeder system must be provided to prevent contaminating items such as micro-
wave converters and parts that have been thermally coated.
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With any of the composites, the question of outgassing naturally ariscs. Tests run at
Grumman on graphite/epoxy laminates showed essentizlly no outgassing when the specimens
were exposed to high vacuum at room temperature for 72 hours. Tests at elevated temper-
atures need to be run. Polyimides, not being free of volatiles as are epoxys, may present
an outgassing problem. The vapors given off by a polyimide composite structure may
inhibit proper operation of the microwave converters. Tests are required to establish the
vapor pressute characteristics of candidate composites at elevated ter-peratures and then,
if necessary, suitable coatings to minimize the outgassing must be found.,

Up to this point, any reference to temperature has always been along the lines of high
temperature. The MPTS, however, will experience cold temperatures around the time of
the two equinoxes each year. The structure will cool down to temperatures in the neighbor-
hood of 75°K (-325°F). This cold temperature will not present any problem to aluminum
which has been used to virtually 0°K. How the composites hold up is an unknown. Tests to
establish their cold temperature performance and their response to temperature cycling
(from 75 to say 600°K) are required.

Structural members manufactured from composite materials will have a white thermal
control paint applied to the side of the meémber that faces space while the opposite side
which faces the hot antenna surface will have an aluminum foil bonded into it to provide a
good heat reflector. Thus, the composite materials will not be directly subjected to ultra-
violet radiation. However, tests to establish the ultraviolet degradation that the white paint
and aluminum foil will undergo during the 30-year MPTS life are required.

Figure 3, 3-44 summarizes pertinent properties of the three materials: aluminum,
graphite/epoxy and graphite/polyimide, At the risk of over simplification, the material to
use for the antenna support structure should have the best available stréngth-to-weight ratio
and be capable of operating at 600°K for 30 years. This statement can be made because
material and processing costs should play a secondary role in material selection since
transportation costs dominate the overall cost picture. Furtheremore, it can be assumed
that any tendancy towards outgassing or ultraviolet degradation will be aptly prevented by
application of suitable coatings. A low thermal expansion cocfficient is desfrabie but should
nevet play a dominant role in the material selection process since a mechanical adjustment
device will most likely be utilized to remove manufacturing tolerances. This same device,
properly controlled can remove deflections caused by differential thermal expansions.

I conclusion, the polyimide matrices have much to offer but appropriate test data for
a 30-year life aré required on their low and high temperature performance as well as their

vapor pressure characteristico.
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ADHESIVE TYPE CURE TEMP, °K VOLATILES MATERIAL COST PROCESSING COST
EPOXY 450° NONE LOW Low
EPOXY-PHENOLIC 450° 5% LOW LOW TO MODERATE
POLYBENZIMIDAZOLE 630 — 645° 10 — 15% HIGH VERY HIGH
POLYIMIDE 530 — 646° 10 - 18% HIGH VERY HIGH
Fig. 3.3-43 Cost and Processing Characteristics of Various Types of Adhesives
GRAPHITE/ GRAPHITE/
PROPERTY ALUMINUM EPOXY POLYIMIDE
APPROXIMATE STRENGTH
TO WEIGHT® (103 M) 23 28 28
TENSILE STRENGTH
108 N/M 241600 195418 275416
DENSITY
(Kg/M3) 2570-2960 1600-2000 ’ 1600-2000
COEFFICIENT OF THERMAL
EXPANSION
(108 M/M PER oK) 234 0.10.7 0.31.0
MAXIMUM RECOMMENDED
SERVICE TEMPERATURE ‘
(oK) 450 450 $30-645
MOD. OF ELAST.
10%N/m2 73 48108 4883
SPECIFIC HEAT
{i/xg-°K) 920962 870-1000 -
THERMAL CONDUCTIVITY '
W/(M-OK) 117-234 0.24.5 510
REQUIRED THERMAL ANODIZED E.G. ALZAC
COATING — SPACE SIDE OR WHITE PAINT WHITE PAINT WHITE PAINT
REQUIRED THERMAL NONE ALUMINUM FOIL ALUMINUM FOIL
COATING-ANTENNA SIDE BONDED IN BONDED IN

*TITANIUM AND ITS ALLOYS HAVE A STRENGTH TO WEIGHT RATIO OF 38

Fig. 3.344 Comparison of Material Properties
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3.3.3.5 Other Fdctors

At this time no attempt has been made to integrate power transmission lines and

structural elements. The large current flow in this network requires large conductors and
it is possible, perhaps necessary, to utilize the structure as an integral part of the power
system. For example, if we agsunme a Gaussian distribution, the mean distance from the

" center would be approximated by d = 1,770, where 3 0= radius of the antenna, Assuminga
total power of 5 gigawatts and 1600 areas of equal power, it follows that the power from each
area =5 x :I.O9 watts/1600 = 3.1 x 106 watts. The current at 20 KV, to each of these areas

wouldbeI=P/E=3.1x106/2x1

04 = 166 amp. The mean conductor length is (1.777)

(500/3)=195M (640 ft) long, Neglecting temperature, a No, 2 size copper conductor

(AN-J-C-48) or an equivalent No. 0 aluminum conductor can carry that load. The weight

of the aluminum conductor is ~.1/ft and results in a total weight of (. 1) (640) (1600) =

102, 400 1b (225, 280 kg). Weights
structure,

of this raagnitude should be integrated into the basic
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3.4 ASSEMBLY AND PACKAGING

3.4.1 Detail Parts

A study of packaging structural members/elements was initiated to determine the
optimum arrangement within Shuttle constraints, and to determine the sensitivity of various
levels of ground prefabrication compared to corresponding levels of orbital assembly.

The options selected for evaluation, shown in Fig. 3.4-~1, span the potential split up of
fabrication methods between ground based and space based operations. These cases are

as follows:

e Case I - Assemble collapsible beam members on earth which will provide the
most efficient Shuttle packing density and deploy when in space

¢ Case II - Prefabricate structural elements of tri-béams and manually assemble
in space

e Case III - Prefabricate flat stock on ground with required thermal coatings and
autc assemble in space.

Assembly of structural members on the ground requires that these members be
stowed in a folded or compressed manner to achieve as high a density as possible. Efficient
Shuttle utilization requires a cargo density of at least 6 1b/ft3. A survey of existing
stowable structural members (astromast, articulated lattice) suggest that an order of
magnitude less is the best that can be achieved. Figure 3.4-2 was generated for typical
articulated lattice girder members and, as can be seen, the densities are in the order of
0.01 to 0. 02 1b/ft3. This represents a Shuttle load factor of 1% and it is obvious that cven
with improved design techniques, the net gain would still fall far short of the desired goal.
The attractive facet of this approach is that most of the subassembly work is done on the
ground, not at the orbital site. If advanced launch systems were not as volume restricted
as the Shuttle, this approach could become the preferred choice.

Detail component fabrication on the ground and assembly at the orbital site offers oppor-
tunity for a much more efficient packaging density. The first step in this approach is to sub-
stitute very thin solid elements for the "Baseline" approach of thin walled tubes (Fig. 3.4-3).
This imraediately achieves a packaging density far in excess of the minimum 6 1b per cubic
foot, but as the followirg example shows, also resuits in a weight increase. To balance a
100 Ib load in a thin walled, 2.5 in. diameter graphite/epoxy tube, supported at six meter
intervals, the wall thickness would be 0. 0075 in. The resulting weight is 0.039 Ib/ft. By
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' (0.0075 GRAPHITE EPOXY) 2 2 “ “ a4
- ) NO. OF BIRDERS THAT CAN BE
B PACKAGED IN SHUTTLE BAY ? 7 1 1 1
| TOTAL WT PACKAGED IN SHUTTLE, LB 56 |56 | 130 1130 | 130
PACKAGING DENSITY IN SHUTTLE, T
LB/FT L 007 | 0on | 002 | 0oz | 0012

Fig. 3.4-2 Characteristics of Articulated Lattice Beam
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substituting three solid elements, arbitrarily adding supports every 12 inches to balance

33 Ib edch, the weight is 0. 0429 1b/ft (0. 0143 x 3) Fig, 3.4-4, Assuming the 12 in. sup~-
ports add an additiondi 50% weight penalty, the total weight would be 0. 0643 iL/ft.

Figure 3.4-5 shows the limitations of both structural elements with respect to the Shuttle
cargo bay, and it is clear that further optimization can result in less woight penalty while
yielding an efficient packaging density.

This assembly concept would require the largest work force in orbit of any of the
options considered. When the cost of the required Space Station, crew rotation and
materials and life support logistics is factored into the equation, this approach does not
appear desirable. Figure 3.4-6 summarizes an estimate of the rate of assembly of a
typical structural tri-beam in which the caps and intercostal members have been shipped
in an efficient Shuttle packaging arrangement to a Space Station. Skylab 3 data on the rate
of assembly of the twih pole sunshade was used to establish the degree of human skills in
space environment. In the Skylab 3 mission, a single man assembled two 55 ft poles in
5 ft sections in 137 minutes. This represents an assembly rate of 6.2 min/operation. A
typical MPTS 18 meter structural member would require 78 operations. Assuming a 90%
learning curveé improvement in skills relative to Skylab performance, a 2.5 min/operation
could be considered plausible. At this rate 5.7 1b/m-hr rate of assembly could be
achieved. Twenty-iour 12-man Space Stations would be required to support the assembly
crew at 5.7 lb/m-hr. A total of 470 klb of MPTS antenna structure could be fabricated
using a crew of 275 in the allotted 2-month period. This high manpower requirement with
associated Space Station support equipment tends to eliminate this approach as a viabic
detdiled assembly approach (Fig. 3.4-7).

Complete fabrication and assembly in orbit can achieve 100% Shuttle load factor by
transportation of raw materials to the fabrication/assembly site. This concept requires a
free flying "factory". It is not unreasonable to assume that one could be designed and built
with little technical risk, Figure 3.4-8 shows a concept for in-orbit fahrication and
assembly of a typical girder. Considering the factors involved, that is, volume limitations
of the Shuttle and the desire to minimize on-orbit personnel, this upproach appears to be
the most promising. An operations analysis of this process has tentatively established a
rate of assembly of 420 1b/hr for the MPTS structural elements. At this rate, eight manu-
facturing modules would be required to meet assembly time tahles.
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SPACE STATION 12 b

A I o

ASSY MODULE (60" X 14')

ASSY RATE MIN/OPERATION
o

<711 L1131l e

ASSEMBLY RATE

8 I ,SKYLAB3

90% LEARNING CURVE

—t

TYPICAL TRIBEAM
~ WEIGHT = 214 LB (AL. ALLOY)

~ NO OF OPERATIONS ~ 78 \

TIMELINE (ONE BEAM ASSY)

TASK TIME

1. SET UP EQUIPMENT/MATERIALS 15 MIN
2. ASSEMBLE BEAM 1956 MIN
3. RETURN TO SPACE STATION

OPEN HATCH & REMOVE BEAM

FROM ASSEMBLY MODULE 15 MIN

TOTAL TIME 225 MIN
BEAM ASSEMBLY RATE = 0.095 LB/MIN

100 300 500 700

NO. OF OPERATIONS

/ 2.6 MIN/OPERATION

= 5.7 LB/M-HR (2.6 Kg/M-HR)

Fig. 3.4-6 Inflight Detail Parts Assembly
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o ANTENNA STRUCTURAL WT = 470 KL8 ALUMINUM
o ASSIGNED ASSEMBLY TIME = 1.9 MONTHS
6000 |- o STRUCTURAL DETAIL PART MANPOWER = 82,800 M-HRS (24) 12MAN
o NO. OF PERSONNEL = 280 SPACE STATIONS
5000 b= 3000 P
g
g |32
;. 4000 -‘tg-“
2 é 2000 |-
i 3000 |- 5 (WT INFORMATION: SEE NAS 99553
& b MSC-02464; SD 70-5468-1)
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g 2000 |- &
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1000 |
12 MAN SPACE STATION
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Fig. 3.4-7 Support Equipment Requirements for In-Flight Assembly of Tri Beams
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3.4.2 Structural Assembly

A preliminary assembly sequence for the MPTS antenna follows, This assembly flow
is based on the rectangular grid general arrangomerit, (sce Fig. 3.2-1), Major functional
blocks are identified in the order in which they are asseémbled,

A top level operations analysis is presented for the following structure assembly
methods:

e Using manned free flying manipulator modules

e Using remote controlled free flying manipulator modules
o EVA using remote controlled logistics modules.

The analysis has led to the following indicators:

e Assembly using remote controlled manipulator modules offers thé most cost
effective approach

¢ EVA assembly with remote controlled logistics modules could be cost competitive

¢ Manned manipulator assembly tends not to be effective because of the high pro-
pellant consumption of the free flyers.

3.4.2,1 MPTS Assembly Functional Flow

3.4.2.1.1 Level 2 Assembly Flow - Figure 3.4-9 is a breakdown of the assembly steps
for the MPTS antenna structure. Assembly starts with installation of the rotary joint using
the SSPS central mast as a point of departure. The rotary joint to antenna interface struc-
ture assembly follows using the elevation rotary joint structure as an assembly base.

Assembly of the primary and secondary structure is performed working radially from the
center of the antenna. Installation of the waveguides and electronics follows,

3.4.2.1.2 Level 3 Assembly Flow - Figures 3. 4-10 through 3.4-12 are more detailed

definition of sequences for assembly of the rotary joints, interface structure, and antenna
primary and secondary structure. Assembly of the rotary joints appears to represent the
most complex assembly operation due to the number of unique installations (gears, flox
harnesses, etc.). Assembly of the antenna itself along with waveguides and electronics,
is a repetitive operation and should not pose difficult problems.
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Fig. 3.4-11 Level 3 Functional Flow: Assemble Rotary Joint to Antenna Interface Structure

4.3 4.3.1 43.2 4.33 434 435
ASSEMBLE ASSEMBLE ASSEMBLE ASSEMBLE
SECONDARY [~¥] CAPS 9 MEMBERS —J PRIMARY PRIMARY —’T MEMBERS OF
STRUCTURE STRUCTURE STRUCTURE

NOTE: FUNCTIONAL FLOW FOR TYPICAL 108 X 108 m STRUCTURAL BAY

4386 43.7 438 439 43.10 .
ASSEMBLE INSTALL '
:gts:g:g!&%v _.J SUBARRAY | :;é%’,:,, ARY _.J POWER INSTALL ot
STRUCTURE MECHANICAL STRUCTURE BUS —q INSULATION el 4. ‘
SYSTEMS SYSTEM '

UPPER  SUBARRAY
MECHANICAL
SYSTEM

VERTICAL
MEMBERS

SECONDARY STRUCTURE

OUTER MEMBERS : 1
SECONDARY STRUCTURE ]

PRIMARY

Fig. 3412 Level 3 Functionsl Flow: Assemble Primery/Secondary Structure




T —

3.4.2.1.3 Assembly Using Manipulator Modules - Figure 3,4-13 is o represeutative plan
for assembling beams fo1 the primary/secondary structure of the antenna. This operation

is selected for detailed analysis because it represents the most frequently used operation

in the vuildup of structure. Manhour requirements to perform this uperation represents

40 to 50% of the assembly cost of the antenna. Statistical data oa aircraft assembly indicates ‘
that structural assembly accounts for 20% of the total cost to produce. |

The assembly sequence presented in Fig. 3.4-13 assumes the use of u free flying
manipulator module which could be manned or remotely controlled from the ground.

-Astromast beams are assumed stored in a logistics area in the retracted condition, The

astromast storage area is also representative of the location of an auto beam manufacturing
unit. The assembly joint is assumed to be a mechanical locking device similar to a docking
drogue.

The objectives of the operations analysis are as follows:

e Establish a rough order of magnitude range of time required to assemble the
structure

e Establish a level of complexity between performing assembly from the ground and
manually in orbit

e Establish typical consumables requirements for ancillary equipments used in
assembly.

Figure 3.4~14 summarizes the maximum and minimum time required to acquire a
beam from storage, transport to the assembly area, join ihe beam to the structure and
return to the storage area. A minimum time of 23.5 minutes and u maximum time of 4«
minutes has been established assuming a manipulator design similar to the Shuttlc RMS,

The minimum time represents the potential of a manipulator to perform the required tasks
assuming perfect accuracy and totally static conditions. The maximum time was established
utilizing the parametric data in Ref 24 which relates the ratio of performing a hasic task in
a static environment to the time required to perform the task in a tvnamic environment. :
The parameters considered in establishing complexity factor. irclude: !

Control system frequency of the manipulator and target

Attitude limit cycle amplitude of the target

The distance hetween the target attachment point and the target cy
The position und velocity accuracy during stationkeeping

Manipulator time delay.
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Fig. 3.4-13 Leve! 4 Functional Flow: Manipulator Module Assembly of Lower Cap; Primary Structure
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TIME, MIN. CONSUMABLES, L8
EVENT MINIMUM MAXIMUM PROPELLANT ECS
aT T AT T MIN MAX MIN | max
43.3.1 ACQUIRE LOWER CAP FROM STORAGE | 3.0 30 10s | 108 0386 1.20 A i
4332 TRANSPORT TO ASSEMBLY JOINT 8.0 8.0 60 | 1188 a2 | 412
4333 DEPLOY ASTROMAST 20 1.0 20 185 0.24 0.24
4334 MANEUVER TO ASSEMBLY DISTANCE | 0.5 16 05 12.0 30 3.0 I B
4335 ° ATTACH HOLD ARM 30 145 106 | 296 0.38 1.20
4336 ALIGN MEMBER WITH ATTACH JOINT 3.0 175 105 | 400 0.36 1.20
4337 BERTH BEAM MEMBER WITH JOINT 1.0 18.5 10 | a0 0.12 0.12
4338 TRANSFER TO STORAGE AREA 5.0 235 50 | 460 472 4.72 \j Y
ToTALLB | 1388 | 1640 | 147 | 23
TOTAL Kg 6.29 743 | 053 | 104
Fig. 3.4-14 Assembly Timeline and Consumasbies Requirement
ORIGINAL PAGE 18
OF POOR QUALITY




: Time delay affects can be used to establish the penalty for performing assembly remotely
from the ground. The range of time delays considered iti Ref 24 was between zero and two
a seconds. If it is assumed that a manned manipulator will perform with time delay near
zéro and remote controlled manipulators will perform with time delays near two seconds,
little difference in total time to perform the assembly tasks can be identified. '

Figure 3. 4-15 presents the variation in complexity factor (time in dynamic environment/
time in static environment) for variations in target limit cycle deadband, manipulator
characteristic frequency and the distance between the target cg and manipulator attach
point for a system with a two second time delay. A similar plot for a system with zero i
time delay shows little variation in complexity factor for target limit cycle amplitudes of
less than 1° and low manipulator characteristic frequercies.

Manned free flyer module propellant consumption will vary between 14 and 16 1b 3.3
to 7.2 Kg) for the minimum and maximum time case, respectively. This quantity per trip
includes limit cycle control and translational propellants. These estimates assume a
3000 1b {1359 Kg) vehicle with inertia and jet geometries similar to the Lunar Module (LM)
ascent stage at docking. The ECS consumables required for life support will be approxi-
mately 0.2 to 0.3 1b (0.1 Kg) per trip. This estimate i8 based on the LM configured for one

, : An unmanned manipulator module could be configured at 400 1b (181 Kg). This lower
- weight reduces propellant consumption to reasonable levels, 1.8 to 2.1 1b (0.9 Kg) per trip.

The order of magnitude difference ‘- propellant consumption for the unmanned, relative to
a manned free flyer, is a strong factor in favor of remote controlled assembly approaches.

Figure 3.4-16 presents assembly cost factors which utilize the operations time line
analysis results. The overall structure can be assembled at a rate of 13 to 26 I1b/m<hr
(6 to 12 Kg/m~-hr). This range of cost was established by determining the number of joints ?
in a typical 108m x 108m primary/secondary structural bay (384) and the time to 1:semble, i
established in Fig. 3.4-14, for each joint. The raté in units of 1b/m-hr is established by |
dividing the weight of a typical structura® bay by the total time. Theése assembly rates are |
in line with that assumed during Task 1, 11 1b/m-hr. This is the rate at which steel workers !
can construct a2 major building on the ground assuming aluminum girders.

3.4.2.1.4 Assembly Using EVA Operations ~ Little or no data éxist concerning large scale
EVA assembly operations from which an extrapolation of task and time estimates can be
made. This was determined after a survey of the literature and conversations with NASA
personnel. However, actual EVA performarnce on Skylab equiled or exceeded expectations l
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Fig. 3.4-15 Manipulator Performance Complexity Factor

o ASSUMPTIONS FOR TYPICAL 108 X 108m ANTENNA BAY:

MATERIAL — ALUMINUM
WEIGHT - 3951 L8
NO. OF JOINTS -- 394
FREE FLYER
WEIGHT ~ 3000 LB
tsp -~ 300 SEC
e ASSEMBLY ROM UNIT MODEL RELATIONSHIPS
ASSEMBLY TIME = 13 LB/M-HR (MIN)
26 LB/M-HR {BEST)

FREE FLYER PROPELLANT = 15 LB/LB OF STRUCTURE
ECS REQMT = 0.2 LB/LB OF STRUCTURE

Fig. 3.416 Manipulator Module Assembly Operations Summary
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or simulation results of the same performance in neutra! huoyaney procedures/proficicncy
dovelopment operations. It ean be expected that, given proper restraints and life support
systems, man can perform as woll in spaco as he does on earth. 1t is felt that n degree of
confidence can be achieved by relatirz MPTS structural assembly time estimates to that
of the Twin-Pole Sunshade assembly using FVA techniques on Skylab 3.

Iigure 3.4~17 shows the MPTS structural assembly plan utflizing EVA operations in
conjunction with a remote controlled logistics module for transport of beam sections from
storage to the assembly area. A two-man operation is assumed. A work platform wiih
the appropriate foot and hand restraints is utilized. The first crew test (Operaticn 4. 3. 3. 6)
is to move the work platform to the next assembly point. The logistics module delivers
theee beams which are temporarily lashed to the work platfiorm. The crew preassembles
the three beams and tension wires to form the structural quad at the work platform. The
crew unfolds the beams (total beam weight = 65 1b) (29.4 Kg) orients the unfolded section
for mating to the structure.

Figure 3.4-18 is a task description of Skylab 3 Twin-Pole Sunshade deployment. The
related operations uscd to define the time required to assemble the MPTS structure are
stepe 2, 4, and 5 which are similar to establishing the work stution st the new assembly
point, prefabrication of the delivered beams and deployment «nd mating of the siructural
quad. A learning ndvantage has been assumed in ¢stablishing the time estimate: shown in
Fig. 3.4-17.

I'igure 3.4-19 summarizes the rate of agsembly, rate of free flver propeliant expes.-
diture and the required Space Station support requirement (o house the needed vrow size
for MPTS stiuctural assembly in approximately two mouths  The asscinbly rate an this
case was not constrained by crew performance but rather by performance of the free fiver.
This could in fact have validity in that even in earth construction of large structure,
the supply of materials to the irumedaiate assembly point ie often the time constraining
clement. A Space Station at a projected weighi of H10, 000 1h would be recquired to support
the 20-man crew necessary to assemble the 470 kib of antenna structure.

The assembly rate using EVA operations tends to be twice that using reme » con-
trolled manipulator opcrations. This agrees with intmition even though the operations
analysis presented here is based on very limited data. Because of the potential increase in
assembly ratec using EVA operations, which could offset the cost of the Space Station, this
approach should be retained as a potential option needing further technology study.
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Fig. 3.4-17 Level 4 Functional Flow: EVA Assemble Lower Cap; Primary Structure
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ACTUAL  [rsTimatcn | !
TIMEWITH | TIME WITHOUT

(MINUTES) (MINUTES) 4
1. SETUP OF SAIL EQUIPMENT IN THE COLLECT POLFS, RODS, SAIL, QASE PLATE,
FIXED AIRLOCK SHRQUD AREA CLOTHES LINES, EYC. 25 26

2. SETUP DUAL HAND RAIL WORK STATIGN | INSTALL FOOT RESTRAINTS 18 18 !
INSTALL BASE PLATE :
INSTALL SAIL BAG

3. ASSEMBLE TWO 86 FT POLES & INSTALL | CONNECT § FOOT SECTION, ETC. 137 4 4
IN BASE PLATE NOTE: UNACCOUNTED FOR CONDITIONS
RESULTED IN ASSEMBLY PROBLEMS
4. REMOVAL OF SAIL OUT OF BAG & STRETCH SAIL TO ITS 22 FOOT x 24 FOOT 25 16
DEPLOYMENT FULLY EXTENDED LENGTH

NOTE: UNACCOUNTED FOR CONDITIONS
RESULTED IN DEPLOYMENT PROBLEMS

6. INSTALL CLIPS ON CLOTHES LINE & FIRST STEP IN SECURING SAIL ] 9
PUSH SAIL POLES AGAINST WORKSHOP !

8. PEM.OYMENT OF REEFING LINES LAST STEP IN FLATTENING SAIL AGAINST 16 18 ‘
WORKSHOPS
t
7. CLEAN-LP RETRIEVE CONTAINERS & RESTRAINTS 8 8
238 138

{3 HR, 58 MIN.) | (2HR., 16 MIN.)

*DATA SUPPLIED BY R, KAIN TELEPHONE CONVERSATION AND AS DERIVED, FROM
ACTUAL SKYLAB 3 MISSION EVENTS TIMELINE

Fig. 3.4-18 Deiasiled Task Sequence and Performance Times for Two-Man Skylab 3 Twin-Pole Sunshade EVA Deployment®

o ASSUMPTIONS FOR TYPICAL 18X18m SUBARRAY BAY

MATERIAL - ALUMINUM
WEIGHT - 65118
FREE FLYER

WEIGHT - 30008

o ASSEMBLY ROM UNIT MODEL RELATIONSHIPS

ASSEMBLY TIME = 27 LB/M-HR (LONGEST)
50 LB/M-HR (FASTEST)

FREE-FLYER PROPELLANT = 0.021 L&/LB STRUCTURE

e SUPPORT EQUIPMENT REQUIREMENT FOR ASSEMBLY OF MPTS STRUCTURE

WEIGHT - 470 KLB

ASSIGNED ASSEMBLY TIME = 2.9 MONTHS
ASSY MANPOWER REQD = 9,400 MAN-H1
NO OF PERSONNEL - 30

Fig. 3.4-19 EVA Assembly Operatinns Summary
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3.4.2.2 On-Orbit Support System Requiremaonts

Proliminary dofinition of support system requirements have heén establighed for the
low altitude and high altitude assembly sites using data gonernted during tho studics of 1
Space Stations, rescarch application modules and remote teleoporator veliicles (lRef 25
through 28). The major support equipment requirements are summarized for the alternate
assembly sites as follows:

Low Altitude (190 N Mi)

e Remote controlled manipulators !
¢ Shuttle crew accommodations
- Crew support module
- Communications module |
e Manufacturing modules !
High Altitude (7000 N Mi) i

e Remote controlied manipulators
¢ Manufacturing module

e Space station

e Crew transportation module.

3.4,2.2.1 Remote Controlled Manipulator Module - The RMM is a free-flying teleoperated
vehicle which serves to extend and enhance the natural sensory, manipulative, locomotive
and cognitive capabilities of a man from a remote location. Figure 3.4-20 is a sketch of
the Free-Flying Tclecperator (FFTO), identified in the preliminary Payload Descriptions
Level B Data package for potential Shuttle sortie payloads (Payload No. 1S8-04-S). The
FFTO weighs 183 Kg dry and lias 33 Kg of hydrazine for propulsive maneuvers. Although
more dctailed definition of a remote controlled manipulator system for use in assembly of
the MPTS is required, the functional capubilitics of the FFTO is sufficiently close to what

is néeded to use it us a strawman in overall system assessment of the assemblv operatien.

3.4,2,2.2 Crew Support Module = A RAM Support Module (RSM) is used in the study as

being representative of the support cquipment necessary to house the crew for monitoring
the assembly operation. The RSM {8 a pressurized vehicle which will accommodate up to
four additional crewmen over the number transported in the Orbiter. Figure 5.4-21 18 a
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\.'ﬁ sketch of the RSM configuréd (s8e Ref 26) in the Orbiter for support of the MPTS assenibly
mission, ‘The interior arrangement is based on a longitudinal floor arrangement between
the end bulkheads. Interior secondary structure includes four overhéad sleep compart-
ments, storage volume, ir ducting, and utilities runs. Sufficient room exists in the main
piatform of the interior for mounting controls and displays consoles for monitoring
assombly operations. Consumables and other life support items necessary for a 30~-day
misgion ave considered an integral part of the module.

3.4.2,.2,3 Communications Module - A communications module, Fig. 3.4-21, is used as a

‘ _ center to transmit television data via TDRS to the ground and to receive command data
from ground controllers for operation of the remoté manipulators. A potential need for as
much 48 190 simultaneous TV pictures would be required. The communications module
would receive TV signals from the manipulator modules via omni antennas and condition
the signals for Ku-band transmission,

A total bandwidth of 5700 MHz would be required for black and white pictures (no data
compaction) i assembly is performed in one year. The planned TDRS has a bandwidth of
only 225 MHz which can simultaneously support 7 RMM's.

{ o Several observarions for remote operations can be identified:

e A dedicated high bandwidth communications satellite system is needed similar
" to TDRS

' e Slow scan TV (1MHz) could be used if it can be shown that the RMM's can
I adequately be controlled with this quality picture. Only 25 RMM's could be
serviced at one time with the current TDRS concept

i ¢ - A high degree of operations coordination is needed if TV operations are to be
) limitec to 25 at a time - this assumes TV is used for only close-in assembly tasks

¢ If dssémbly time were increased from 1 to 4 yedrs, 45 manipulator modules would
: " be needed with 7 in a TV operations mode at a time znd hence would be more
i compatible with a dedicated TDRS system (three satellites).

The weight estimates shown in Fig. 3.4-21 are based on an 18-ft Sortie RAM
(tef 26) with 1310 1b of antenna and cofnmunicatioit equipment added. The 1310 1b is the
estimated weight for the dual Shuttle communications system.

It is recommerided that two dedicated TDRS (3 satellites each) be utilized in 4 support
role.




3.4,2.2.4 Manufacturing Module - The matifacturing module processes flat stock into
basie structural element tri-bedms. Figire 3.4-8 shows the application of these modules
for mamfacture of beams using aluminum, The basic operations for aluminum beam mdnu~
facture ihclude roll forming the flat strip stock into the required longeron and intercostal
elements of the beam. Feed and cropping mechanisms ensure proper member lengths.

Spot welding is used to join longerons and intercostals, Harvesting arms and associated
mechanisms are used to assemble the end fittings.

Beam manufacture usiug graphite/epoxy could utilize rolled strips of partially cured
composite materials. A series of hot and cold rollers would be usad to finalize the setting
process. Bonding devices are used to join elements.

A preliminary operations analysis of the manufacturing steps indicates that beams can
roughly be manufactured 4t the rate of 420 1b/hr. The weight estimate shown in Fig. 8.4-8
uses the RAM free flying payload module for the basic sracecraft and a 100% wrap around.
factor to account for manufactuiring equipments. Significantly more study i8 required to
defihe the module concept for a more realistic estimate.

3.4.2.2.5 Space Station - Figure 3.4-22 is a schiematic of a basic six-man Space Statior
fieeded to support assembly operations at a 7000 n mi altitude site. Information presented
in Ref 25 was tised to establish weight and cost estimates. To achieve consistency of data,
the $/1b non-recurring snd recurring cost estimates for the Space Station estabiished in
Ref 25 has been applied to the cost of all support equipment (RMM, RAM, Support Modules,
etc.). Figure 3.4-23 is the weight and cost estimates for a 12-man support Space Station,
and has beeti used-to establish the weight and cost trénds as a function of number of crew
members. .

3.4.2.2.6 Crew Transport Module - Referetice 27 was used to establish a strawman for
the créw transport module, Fig. 3.4-24. The concepttial desigh of this module can be used
to transport créws between thie Shittle anid the support Space Station at 7000 n mi using the
Space Tug as a propilsion stage. It also lids the operational capability for servicing the
manufacturiig modiles and remote manipulator modules.
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3,6 COST
This subsection corit cal systems and flight operations.

Flight operations cost estimates are made for the entire SSP8 including the recurring costs
for suppport equipment. timated for the MPTS antenna and

Mechanical System costs are €8
include the following cost elements:

ains cost paramotrics for mechani

¢ Primary and gecondary structure
- Materials
- Manufacturing

¢ Materials transportation

¢ Assembly.

3.5.1 Task1l -~ Preliminary Design Results

The following Ssummarizes the significant outputs of this initial activity:
tage) is insufficient to transport

¢ The performance of the Interim Upper Stage (Trans
assembly crews to the prime assémbly site above the Van Allen belt

¢ Assembly at low altitude results in & significant reduction in total structural system

cost relative to assembly at the prime site

< - T e e

° A Kevlar/polyimide is the low cost material for assembly at 7000 n mi altitude

i b
5 ‘ ¢ Aluminim structures would result in lowest cost structure for low

e A 1,4 km diameter aluniinum

altirude assembly

antenna is four times the cost of 2 0.7 km diameter

antenna.

gsed during Task 1 are summarized in Fig. 1-1.

The top level alternate concepts asse
two structural arrangements and

Four transportation modes, three structural materials,
threo antenna diameters were included in the preliminary matrix of options. The four

transportation modes included:
¢ Shuttle/Expendable Transtage (1980 10C)

¢ Shuttle/Reusable Transtage (1980 10C)

é Shuttle/Cryo Tug (1984 10C)

e Shuttle/Low Orbit Assembly (1980)
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The materials considered in this initinl assessmeni included: -
¢ Aluminum (Alzac coating)

e Graphite/epoxy (white paint coating)
e Kevlar polyimide (white paint coating)

The two structural arrangements evaluated were the "rectangular grid" and "radial
spike' designs diccussed in Reference 16, Artenna diameters of 1.4, 1.0 and 0.7 km weré

assessed.

Figure 3.5-1 and 3,6-2 summarize the Task 1 prelimindry estimates of weights and
costs for the "rectangular grid" and "radial spike" design options. Figure 3.5-1 shows
weignt and cost variations for antenna diameters between 0.7 and 1,4 km and for aluminum,
graphite/epoxy and Kevlar/polyimide. Figure 3,5-2 shows the radial spike design for a
1 km diameter antenna using the same three materials. Only two of the four flight modes
(e.g., Cryo Tug, Mode III and Shuttle/low orbit assembly, Mode IV) are presented. The
performance of the Transtage 1US was found to be insufficient to deliver assembly crews to
a site of 7000 n mi altitude, Assembly at low altitude shows a significant cost benefit over
assembly at 7000 n mi, On the average, a 40 to 60% decrease in costs can be achieved with
the lower altitude assembly site.

Kevlar/polyimide is potentially the low cost material for assembly at 7000 n mi
altitude. This cost advantage over aluminum or graphite/epoxy will be greater if it can be
shown that the thermal variation of polyimide would be sufficient to withstand the expected
environment without coatings. Aluminum is the low cost material for low altitude assembly,
with Kevlar polyimidé the second clioice, Aluminum structure will be approximately 256%
less costly than graphits/epoxy and 20% less than Kevlar for the low alti‘ude case.

The rectangular grid (1 km) antenna was selected for concept definition during Task 2.
Aluminum and graphite/epoxy or polyimide was selected for more in-depth assessment.
Further evaluation of the assembly altitude selection was recommended to determine the
impact on cost:

¢ Support Equipments
¢ SEPS transportation costs
‘¢ Asse .bly costs of the entire SSPS.

3.6-2
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PARAMETER DESIGN OPTION

¢ DIAMETER 1.0 KM

e MATERIAL GRAPHITE/ KEVLAR )

ALUM EPOXY POLYIMIDE
e COATING ALZAC WHITE PAINT & WHITE PAINT &
ALUMINUM FOIL ALUMINUM FOIL

e LIMIT TRANSMITTED 1.5GW (90%) 1EGW (90%) 20GW (90%)
POWER 3.8GW (78%) 3.4GW (70%] 17GW (70%)

e WEIGHTS KL8 {1000 Kg)
~ PRIMARY STRUCT 1120 ( 80.7) 746 ( 33.8) 778 ( 36.3)
~ SECONDARY 289.3 (131.2) 1689.2 { 72.2) 1446 { 65.8)
—~ COATINGS 720 L 3.2) 59.1 ( 26.8) 619 ( 28.9)
~ ATTACHMENTS 184.0 { 83.4) 131.7 ( 59.7) 128.0 ( 58.0)

TOTAL KLB (1000 Kg) 592.3 (268.6) 424.6 (192.6) 4123 1186.9)

e COSTS
-~ MATERIAL 0.74 85 6.5
~ PROCESSING 3565 83.0 495

sus TOTAL 35974 915 §5.0

SHUTTLE/CRYO TUG

- MATERIALS TRANS 458.0M 3290 319.5

— ASSEMELY 205.0M 266.0 307.0

~ FLT SUPPORT FIRTY] 24.4 26.2

TOTAL 720.074 7109 707.7

SHUTTLE/FLOW ORBIT ASSEM

- MATERIALS TRANS 88.0 704 68.0

~ ASSEMBLY 132.0M 1700 18.7

~ FLT SUPPORT 13.4M 170 18.7

TOTAL 279.374 348.9 3247

Fig. 3.5-2 Task |, Preliminary MPTS Design Data Sheet — Radial Spoke
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3.5.2 Task 2 - Concept Definition Results
The Task 2 findings are summarized as follows:

e Low altitude assembly (190 nmi) is signifiéantly lower in cost than assembly above
the Van Allen belt,

o The majox cost driver. is the Shuttle operations cost. The most p..yoff for reduction -
of overall assembly and transportation costs would be the reduction of the per flight
STS costs by introducing the Fly-Back Booster and/or heavy lift vehicle,

e Recurring unit costs for Shuttles, Tugs, Space Stations, etc. represents 1/6 of the
total costs for assembiy,

¢ Aluminum is tiie low ¢ost material for the antenna, Composites increase ¢ost
4 to 5%.

3.5.2.1 Transportation and Assembly

The assembly and transportation system elements assumed for the low altitvde and
high altitude assembly site Task 2 cost estimates are presented in Fig. 3.5-3. The low
altitude assembly site uses the Shuttle for transportation of materials and consumables. The
Shuttle, augmentéd by support modules in the payload bay, are used for crew accommoda~-
tions. Detailed parts are fabricated in orbit using automated manufacturing modules,

Assembly is performed using remote controlled manipulators. Solar Electric Propulsion

is used for transport of the assembled SSPS to the geosynchronous orbital position. The
high altitude site requires the addition of the Full Capability Tug for transport of materials
dnd must be augmented by a crew transport module for rotation of assembly crews, A six-
man space station is assumed required for ¢rew accommodations at the high altitude site,

3.5.2,2 Fleet Size and Traffic Assessment

Both fleet size calculations and the assessment of vehicle traffic are directly affected
by the total weight that is transported to orbit, the assembly altitude, and the assembly time
in orbit. This subsection presents the effect that these elements have on traffic rate and
fleet size for three representative flight plans. All three flight plans considered in-orbit
manufacture of all SSPS structural components by manufacturing modules. The three
flight plans éve:

¢ Flight Plan 1 - One year dssembly at 190 n mi

e Flight Plan 2 - One year assembly at 7000 n mi

o Flight Plan 3 - Two year assembly at 190 n mi.

Figure 3.6-4 summarizes the SSPS component weights for the three flight plans listed above.

3‘5-6




TRANSPORT DETAIL TRANSPORT .
ASSEMBLY MODE TRANSPORT | CREW ACCOM - |PARTS ASSEMBLY Yo
ALTITUDE (MATERIALS) | CREWS MODATIONS | ASSEMBLY METHOD GEOSYNCH
' LOW ORBIT
— 190 N MI o AUTOMATIC |e REMOTE
IN-ORBIT MANIPULATOR
o 785°INCL | o SHUTTLE | o SMUTTLE | e SHUTTLE MANUFACTURE e SEPS ‘
- 6 MEN
~ 30DAYS
HIGH ORBIT
o 7000NMI | o SHUTTLE | o SHUTTLE | e SPACE e AUTOMATIC |e REMOTE ¢ SEPS
STATION IN-ORBIT MANIPULATOR
e 288°iNCL | o FULLCAP. | o FULLCAP. MANUFACTURE| i
TG ~ 6MEN
- 180 DAYS
e CREW
TRANSPORT
MODULE

Fig. 3.6-3 Transportation and Assembly Cost Comparison Cases b

FLIGHY PLAN
1 2 3 .

STAT. KEEP MOD. STRUCTURE KLB (10°kg) | 450 (2040 | NoTReap | 450 (204
STAT. KEEP CONSUMABLES 1B (10°Kkg)| 440 1189 | notreap | 880 (389

§SP§ STRUCTURE me®xg| 219 8 | w1 w8 | 201 08
MPTS ANTENNA meodkg | 412 1@ 12 19 | 412 1.9
geps sTRUCTURE'Y msliobxg| 197 108 032 (0.14) | 106 (6.48)
seps consumasLes'! meetic®igt| 178 (08 080 (641 | 187 (0.76)

TOTAL MLE ms108kg) | 2888 13 | mas 1 1on | 27.98 t1267)

Fig. 3.6-4 SSPS Weights




" The assumgtions used for fleet sizing are divided into three groups ae follows:
’ Shuttle and Tug Purformance

S e 65K Ib Shuttle capablity to 190 i mi orLit

L e 36.8K Tug payload capability from 190 to 7000 n mi

' ¢ 23 Shuttle fits/yr for each Shuttle vehicle

“ e 23 Tug flte/yr for each Tug vehicle

T Support Equipment

- _ | e Each manufacturing module processes 420 1b/hr 1
| ¢ Manufacturing modules operate 24 hr/day

Co : e Remote manipulator modules (RMM) assembles at 26 1b/man-hour

¢ One ground controller for each RMM i
e Each ground controller works 156 mhr/month
e RMM's are used three shifts/day

v ¢ . RMM's require 5% consumables for edch 1 1b moved j

:; o ‘. Crew Requirements ' i
5 2000 N M) site ,
S e Six men needed ini 7000 n mi orbit for 1 yr
‘ e Crew change every 180 days at high altitude site
190 N Mi site

e Shuttle crew quarters

. e Six men

¢ 30-day missfons

Figure 3.6-5 and 3.5-6 present a detailed breakdown by assembly phase
(see Fig. 3.5~17) of the number of Shuttles used during each phase of assembly for Flight
a Plan 1 (1 year assembly 190 h mi), and Flight Plan 3 (2 year assembly at 190 o rhi). Also
, listed are the approximate assembly times based on the material delivery and manufacturing
. . assumptions. Both of these flight plans hive assumed thai a separate solar array is avail- o
able to power the SEPS during the trip to gedsynchronous orbit. An investigation of the i

T T T e R e R L NS RIS P e ST AN R
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FLT PLAN 1 — LOW ALTITUDE ASSY

DETAILED ASSEMBLY — IN-ORBIT MANUFACTURE
ASSEMBLY -~ REMOTE MANIPULATOR MODULE
ANTENNA MATERIAL — ALUMINUM

ASSEMBLY TIME — 1 YR,

e PHASE 1 — ASSEMBLE STATION KEEP/CONTROL MODULE

e PHASE2 -
e PHASE3 -

e PHASES

¢ PHASEG —~
& PHASE7 -

PHASE 4 —

~ SHUTTLE FLTS (MATERIALS) 2
~ SHUTTLE FLTS (MANUFAC. MODULES & RMM‘S) - 9
- SHUTTLE FLTS (CONSUMABLES) ~ 1
ASSEMBLE CREW SPACE STATION - N/A
ASSEMBLE SSPS (9.6 MONTHS TO ASSEMBLE)
~ SHUTTLE FLTS (MATERIALS) 32
- SHUTTLE FLTS (PERSONNEL) 10
— SHUTTLE FLTS (CONSUMABLES) 17
ASSEMBLE MPTS (1.9 MONTHS TO ASSEMBLE)
— SHUTTLE FLTS (MATERIALS) 64
—~ SHUTTLE PLTS (PERSONNEL) 2
~ SHUTTLE FLTS (CONSUMABLES) 4
— ASSEMBLE SEPS (0.5 MONTHS TO ASSEMBLE)
— SHUTTLE BLTS (MATERIAL) 27
~ SHUTTLE FLTS (CONSUMABLES) 31
TRANSPORT TO GEOSYNCH — N/A
CHECKOUT ~ N/A
TOTAL SHUTTLE FLTS 492

Fig. 3.6-56 Tratfic Mods! Assrssment, Flight Plen 1
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FLT PLAN 3 ~ LOW ALTITUDE ASSY

DETALED ASSEMBLY — IN-ORBIT MANUFACTURE
ASSEMBLY ~ REMOTE MANIFULATOR MODULE
ANTENNA MATERIAL — ALUMINUM

ASSEMBLY TIME — 2 YR,

6 PHASE 1 — ASSEMBLE STN KEEP/CONTROL MODULE

~ SHUTTLE FLTS (MATERIALL) ~ 2
., - SHUTTLE FLTS (MFR. MODULES & RMM'S) ~ B
’ — SHUTTLE FLTS (CONSUMABLES) - )
1 N e PHASE 2 - ASSEMBLE CR EW STACE STATION -~ N/A
e ‘ o PHASE 3 — ASSEMBLE 5SPS (19.2 MONTHS TO ASSEMBLE)
~ SHUITLE FLTS (MATERIALS) 3z
~ SHUTTLE FLTS (PERSONNEL) 20
— SHUTTLE FLTS (CONSUMABLES) 17
e PHASE 4 — ASSEMBLE MPTS (3.8 MONTHS 10 ASS. '3LE)
- SHUTTLE FLTS (MATERIALS .
— SHUTTLE FLTS (PER. INNEL) :
- SHUTTLE FLTS (CONSUMABLES)
e PHASE 5 — ASSEMBLE SEPS (OBMD  CIASLE K.
- SHUTTLE FLTS (MATERIALS) 2
~ SHUTTLE FLTS (CONSUMABLES) 31

o PHASE 6 — TRANSPORT TO GEOSYNCH —~ N/A
o PHASF? CHECKOUT - N/A

TOTAL SHUTTLE FL'TS « BO1

Fig. 3.5-6 Traffic Model Assessment, Flight Plan 3

10

ASSEMBLE |
STATIONKEEP/
: ATTITUDE

: CONTROL

' MODULE

h (20 30 a0 50 ) 70

ASSEMBLE ~
CREW PP AssemBLE [=®] ASSEMBLE -ir assempLe | TRANSPORT i CHECKOUT

. ; 70 &
gﬁfm sSPS* MPTS** SEPS**e GEOSYNCH ACTIVAYE

*  §SPS: - SATELLITE SOLAR POWER STATION
so  MPTS: - MICROWAVE POWER TRANSMISSION SYSTEM
see  GEPS: - SOLAR ELECTRONIC PROPULSION SYSTEM

Fig. 3.5-7 Level | Functional Flow: Assembly
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feasibility of using the SSPS for this purpose and reconfiguring it once in geosynchronous
orbit, proved to be exti smely costly becsuse of the additional hardwaie required to sup-
port reconfiguration. Manned Space Stations.in geosynchronotis orbit. would be necessary to
support the reconfiguration crew; this would impose a requirement for a Tug fleet and
additional Shutile flights to effect deployment of hardware, consumables, personnel, and ..
Tugs. Secondly, a delay in the start of SSPS operation would be required. A separate
SEPS arrdy avoids the reconfiguration step and results in lower totdl program cost and a
SSPS which becomes operational ear)ier.

Results of the fleet size analyses show that 24 Shuttles are required for the one yesr
assembly plan (Flight Plan 1) and 15 Shuttles are needed to support the two year assembly
plan (Flight Plan 3). In both cases, two crew support modules are required to support the
six-man crew. Eight manufacturing modules and 182 manipulator modules are needed for
Flight Plan 1 and hal¢ that number for Flight Plan 2. '

Figure 3. 5~8 presents the detailed Shuttle/Tug flight requirements necessary to sup-
port Flight Plan 2, i.e., one year assembly at 7000 n mi. Since atmospheric drag is not
a consideration at 7000 n mi, the stationkeeping module has bean eliminated. The figure
shows that the Shuttle is required to make approximately 1300 flights in a year. The
dramatic use over the LEO assembly requirement of approximately 500 Shuttle flights can
be explained by the fact that additional flights are required (at less than 100% load factor,
i.e., 65000 1b payload) to get Tugs into orbit. The resuit is that 59 Shuttles and 37 Tugs
are needed to support Flight Plan 3,

3.5.2.3 Launch Opportunity Senmsitivity to Traffic Rate

The Shuttle has an ETR launch opportunity every 23.5 hours to & 190 n mi 28,5
inclined orbit assembly site. A glance at the total number of Shuttle launches required for
either of tho one year assemblies (see Fig. 3.5-9) indicates that from one to four Shuttle
launches per duy are reguired if orbit phasing is neglected. Worst case phasing conditions
can exist on some of these days; this only serves to aggrevate the launch/day situation.
This situdtion arises from the fact that under worst case phasihg conditions, it is optimum
to delay launch a day, and spend 16 hours phasing with the assembly area at 190 n mi. The
alternative is to launch on the first opportunity, spend 40 hours phasing, and arrive at the
assembly point at the same time as a vehicle that delayed launch for 1 day. Obviously, it
is more advantageous to delay launch for the day and wait on the ground for better relative
launich site/assembly point phasing to exist. This waiting would mean that the ETR launch
rat > would dotible on some days during the year and that from 2 to 8 vehicles would have to

3.6-10
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FLT PLAN 2 — HIGH ALTITUDE ASSY (7000 ¥ i)
INSORBIT MANUFACTURE AT 7000 N.ML .

- REMOTE MANIPULATOR ASSEMBLY

- 1 YEAR MANUFACTURE & ASSEMBLY
ANTENNA MATERIAL — ALUMINUM_.

e PHASE 1 - EQUIPMENT DEPLOYMENT

“r — SHUTTLE FIT5 YO LOW EARTH ORBIT (MFR. MOD}
ah - SHUTTLE FITS TO LOW EARTH ORBIT (RMM'S)

as - ‘?‘HUGU IF' I.TESFLTS FOR TUG DEPLOYMENT .

- L

¢ PHASE Z~.CREW SPACE STATION-DEPLOYMENT

Wy — SHUTTLE FLTS TO LOW EARTH ORBIT (SPACE STATION)
~ SHUTTLE FLTS FOR TUG DEPLOYMENT
o) - TUG FLTS

iy é PHASE 3 — $SPS MANUFACTURE

. — SHUTTLE FLTS TO LOW EARTH ORBIT (MATERIAL)
a- -~ SHUTTLE FLTS FBR TUG DEPLOYMENT....c e ocneree
-~ TUG FLTS

o PHASE 4 — MPTS MANUFACTURE

- — SHUTTLE FLTS TO LOW EARTH ORBIT (MATERIAL)
; — SHUTTLE FLTS FOR TUG DEPLOYMENT
- TUG FLTS

e PHASE S - SEPS MANUFACTURE

L ~ SHUTTLE F! TS TO LOW EARTH ORBIT (MATERIAL)
C — SHUTTLE FLTS FOR TUG DEPLOYMENT
: - TUGFLTS

. & PHASE 6 ~ TRANSPORT TO GEOSYNCH

* ~ SHUTTLE FLTS TO LOW EARTH ORBIT (SEPS PROPELLANT)
i ~ SHUTTLE FLTS FOR TUG DEBLOYMENT
TUG FLTS

¢ miSc.

SHUTTLE FLTS TO LOW EARTH ORBIT (RMM CONSUMABLES)
SHUTTLE FLTS FOR TUG DEPLOYMENT

TUG FLTS

SHUTTLE FLTS TO LOW EARTH ORBIT (CREW + usm
SHUTTLE FLTS FOH TUG DEPLOYMENT—— A

TUG FLTS

i TOTAL SHUTTLE FLYS
TOTAL TUG FLTS
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Fig. 3.58 Teatfic Mode! ind Fieet Size Assessmenit, Flight Plan 2
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launched within the launch window.( ~ 16 nrimites). Based on cutient launch operating
techniques this seems to be an unacceptable traffic Fate.

It ts interesting to note that if an assembly altitude of 265 n.mi were chosen, proper
phasing with the assembly point would exist on a_dafly basis and the launch overflow from
one- day to the next would bé avoided. .

3.5.2.4 Fleet Size/Traffic Recommendations

Figure 3.5-9 preserts a summary of the fleet siza/traffi¢ requirements of the three
flight plans. Based on strictly fleet sizé consideration a two year asseinbly at LEO is

recommetided. _From a launch opportunity point of view; a 2566 n mi assembly alfitude is =

recommended. This altitude also offers orbit decay advantages.

3.5.2.4.1 Concept Cost Comparison - Cost tompilations were prepared for the following
three cases: —

¢ Flight Plan 1 - Low altitude assembly, one year assembly period (Fig. 3.5-10)
o_Flight Plan 2 - High altitude agssbmbly, ohe year assembly period (Fig.. 3.5-11)
e Flight Plan 3 - Low alfitude assembly, two year assembly period (Fig. 3.5-12).

The recurring and nonrecurring cost estimates for support equipmerits assumed in this
concept comparison are outlined in Fig. 3.5-18.. Previous cost data on Space Station

(NAS 9-9953) were updated to 1974 dollars and applied as a unit cost factor ($/Kg) to space
station, Shuttle Support modules, remote manipulators and auto marufacturing modules.
Weight estimates were taken from Ref. 25 and 26 for the Modular Spdce Station and Shuttle
Support Modules, respectively. Cost estimates for Shuttle were takenfrom Grumman
Phase A study results while Tug estimates were based on recent Tug System Studies. The
cost of SEPS and the control modules were agsumed at $1M/1b of thirust, Ref. 29. All
equipments used in the cost comparison were amortized over the assembly of five SSPS.

Figure 3.6 °0 throtugh 8, 5-12 summarizé the trafispoitation and assembly costs for
the three flight plans cited-above. An assernbly cost of 1323/kw (6 GW system) can be
achieved at a low altitude site with a one year agsembly time (Flight Plan 1, Fig. 3.5-10),
These costs can be reduced slightly, $130 “tw, if the assembly time i8 increased to two
years. (Flight Plan 3, Fig. 3.5-12). Assembly at high altitude would cost 350/kw (Flight
Plan 2, Fig. 3.5-11), an unacceptable cost level, if space based power generation is to be
competitive with ground generated power.

3.5-12
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by — ASSEMBLY ALY umm mo oM 190 N M
i ~ ASSEMBLY TIME 2YR .
DR ~ DETAIL PARTS Am'om-anait. mfo INORIBIT | AUTO IN-ORBIT
-~ ASSEMBLY REMOTE. _  __ REMOTE REMOTE
R ~ SHUTTLE &N 1348 501
2 - TUG , - 855 -
LT ~ AVG SHUTTLE FLTS/DAY 137 3.68 0.7
o -~ AVGTUGFLYS/IDAY -~ 2.34 -
e d_#userstze
- SHUTTL 2 59 18
Loty ‘ - WU#AcTuaeuooUi.Es 8 8 4
—~ MANIPULATOR Moout.es 182 176 o
oL - cmsurm 2 . 2
' H L —
AL - mae STATION - 1 ‘ -
: — CREW TRANSPORT MODULE - 2 N -
P " atcomﬁb'so/
b
EE Eig 359 Traffié Analysis Suiniary
.oty
1
v RECURRING ,
[ _ NON- FLEET | AMORTIZED NOo. | NO. ops
L ELEMENT RECURRING, M | size OVER5SSPS,8M | FLTS | PERSONNEL | COST,$i
S
P SHUTTLE N/A 7} ] 492 - 5,168
f;; } o RAM SUPFORT \
e MODULE 7ng 2 18 12 - 12
i RAM COM , . ,
Ly MODULE %3 2 s 12- - 12
e MANUFACTURE— .
MODULE 288 8 1060 - - 12
A FREE-FLYING _ .. _
s TELEOPERATOR 695 182 és2 - 548 212
i CcoNTROL . :
e MODULE Teb 1 3.2 - 1 - 14
Y ToRS 230 ) & - - 9
: SEPS T80 1 400 1 - 157
j{ YCTAL 15119 b,240 ,
e TOTAL COST (RECUR + OPS) = $6,761.7M 1
.. o COST/LS = $270/LB ($594/Kgl ;
o E/KW = $1352/KW
i *ASSUMES $1M/MONTH OVER 1 YR PERIOD FOR FLY OPS SUPPORT
i} Fig. 3540 Transportition shd Assembly Cost, Fiight Plan 1
hf i
iy 1 3,6-13




RECURRING

NON- FLEET AMORTIZED NO. NO. oFs

RECURRING,$M | SIZE OVER585P5,$M | FLTS | PERSONNEL COST, $M
SHUTTLE NA- .. &9 2,120 1348 - 14,164
TUG N/A Y] 89 855 - 855
SPACE STATION
(6-MAN) 2097 1 978 - - 12
CREW )
TRANSFER MODULE 328 1 14.2 - - 12
MANUFACTURE
MODULE 288 8 100 - - 12
FREE-FLYING
TELEOPERATOR 595 178 436 - 828 209
CONTROL
MODULE T80 1 32 - - 1.4
TDHS 230 8 60 - - 9
SEPS T80 1 70 1 - - 9.0

SUB TOTALS 875 15,085.3

o TOTAL (RECURRING + OPS; = §17,682.8M
& COST/LE $707/L8 (1554 §/Kg)
e COST/KW = $3837/KW

*ASSUMES $IM/MONTH OVER 1 YR PERIOD FOR FLT OPS SUPPORT

Fig 35:41 Trinsportation atid Assembly Cait, Flight Plin 2 .




¢. TOTAL COST (RECURR + OPS) = $5427.9M
é COST/LE = $260/LB (571.9 $/Kg)
¢ $/KW = $1301/KW

*ASSUMES $1M/MONTH OVER 2 YR PERIOD FOR FLT OPS SUPPORT
Fig. 3.512 Trensportation and Assembly Cost, Flight Plan 3

RECURRING
_ NON- FLEET AMORTIZED NO. NO. OoPS
ELEMENT RECURRING,$M | SIZE OVERS5SSPS, M | FLTS | PERSONNEL COST, $M
SHUTTLE N/A 15 540 501 - §260.5
RAM SUPPORT _
MODULE 218 e 2 16 2 - 24
RAM.COM. )
MODULE . 2 <X} B/ - 24
MANUFACTURE
MODULE 288 4 50.0 - - 24
FREE-FLYING
TELEOPERATOR 595 ] 22.60 - 213 216
CONTROL
MODULE T80 1 32 - - 28
TORS 230 6 60 - - 18
* 2
Stp T80 1 400 1 - 157
TOTAL 11153 6390.6
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ARECURRING

NON-
ELEMENT PERFORMANCE WEIGHT COST/FLT | RECURRING | UNIT SOURCE
SHUTTLE . 65K TO190N M N/A $10.5M N/A $180M GAC SHUTTLE
100 FLY LIFE STUDY
CRYOD TUG 368K LBTO BURN OUT= $ 1.0M N/A s1I2M MDAC TUG STUDY
7000 N M 2680 Kg .
100 FLT LIFE FULL =
24,900 Kg
FREE-FLVING S YR LIFE 183 Xg 8D $6.95M $1.2aM MSFC-PAYLOAD
TELE OPERATOR DESCRIPTION ...
voL it
RAM SUPPORT 30 DAY MISSION | 5000 Ka $ 1.0M $218M. $40M WT DATA]|
MODULE S YR LIFE —~ NAS 8-27539
COST DATA
— NAS 9.9953
RAM-COM 30 DAY MISSION 8760 Kg $ 1.0M $283M S59M WT DATA
MODULE 6 YR LIFE . — NAS 8-27539
. COST DATA
- NAS 99963
MANUFACTURE | 5 YR LIFE 9100 Kg T80 $288M $62.5M SWAG
MODULE
SEPS 1 YR TRIP TIME FROM 190 NM = | $15.0M 8D $400M GAC RPT NO.
1. %a 10° K¢ A ASP583-R-8
¢ J00NM=| § 9.0M 8D $400M
858 X 108 kg
?cgﬁ STATION |SYRLIFE 76,700 K¢ T80 $2097.6M $a87.8M NAS 9.9953
12 MAN § YR LIFE 102,000 Kg 80 $2300.9M $769.10 » A
CREW ) . L L NAS 9-25051
TRANSFER 100 FLT LIFE 10,300 Kg T80 $328M $71.2M
MODULE (4)
TDRS N/A 2038 Ko N/A $2ioMm $30-50M HUGHS REPORT
30096-3514
Fig. 35-13 Trinsiortetion énd Adsiiribly Syitimi Fleét and Suppiort Equipment

Chisractéristics end Coit Suinithery (1974 §'s)




STS operations cost.is the major cost driver. Over 80% of the cost for assembly are
related to STS per-flight launch costs. These costs can be significantly reduced by intro-
ducing the Fly-Back Boosters. Data genorated during the Shuttle Phase A studies indicated
that launch costs could L2 reduced by a factor of two or three with a Fly-Back Booster. A
heavy lift vehicle, which utilizes the current Shuttle system external tanks, SSME and solid
rockats could.be utilized in a deploy only flight mode and increase throw weight performance
to $120, 000 Ib per flight without increasing launch costs. Launch cost of $25 to $50/1b
could be achieved with thes¢ STS modifications.

Recurring coste for support equipments were found not to be as significant a cost
driver as was expected. The unit costs to purchase the Space Stations, additional Shuttles,
manufacturing modules, etc. represent only 1/6 the cost to assemble each SSPS,

The development cost of Space Stations, Shuttle payload bay support modules and
free flying teleoperators can be shared or fully absorbed by programs whi¢h are more near
term than SSPS. The function of the manufacturing modules and SEPS, may be so unique
to SSES that these eleménts may have to be accounted as part of the SSPS development
costs.

3.5.2.4.2 Sensitivity To Shuttle Packaging Density - A review of packaging factors for all
elements.of the SSPS has shown that most components and/or subassemblias can utilize

the full payload performance capability of the Shuttle. The exception is perhaps the antenna
waveguides. Structural subassemblies, can be packages as flat stock and fabricated in
space with relatively simple auto manufacturing modules. Solar cell blankets can be rolled
into tightly packages bundles for transport. Electrical wiring and equipments can also be
densely packaged. The waveguides, however, may require fabrication on earth where the
tight dimensional tolerances necessary for efficient microwave performancé can be closely
cohtrolled.

The design of close tolerance hinges and locking mechanisms as an integral part of
the wavéguide subarray offers a packaging approach with reasonable densities. Figure
3,5-14 is a parametric pregentation of total waveguide weight and packaging density a8 a
function of waveguide wall thickness. The final selection of thickness will be determined
by analysis of the operational thermal requirements of the waveguides. An increase in
thickness will increase conductivity of heat from the hot surface whéré the microwave con-
version electronics are mounted to the cooler slotted face of the subarray. This thermal
transfer is required to minimize the thermal gradients between the surfaces thereby
ryinimizing thermal distortion. The packaging approach shown in Fig. 3.5-14 utilizes the

305-17
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hinges running the 18 meter length of the waveguide as a means of rolling the drray into as
, tight a bundle as possible, without affecting the dimensiandl characteristics of individual
. waveguides within the subarray (simflar packaging approach as used to stow snow fence).
o | After dellvéry of the subarrays to orbit, locki” *~ mechanism on the face opposite the hinge
S lines are utilized to securely deploy the subarray to within the required flatness.

- | Figure 3.6-15 relates total waveguide system weight to packing density and number of

™ Shuttle flights. The flight plans presented earlier in this section, assumed inflight fabrica-

e tion of these units. A total of 25 flights was required tv transport the 3. 95 Kg of 10 mil t
E T aluminum stock for inflight manufacture. The number of flights increases to 140 if the
waveguides are fabricated on the ground and transported in the packaging arrangement

. shown. in Fig. 3.5-14. The number of required flighte remain constant up to a waveguide

- /", wall thickness of 50 mil. Above this material thickness, the Shuttle performsdnce limita-

: o tione become the driving factor for establishing quantity of flights. k
‘ f Tratisportation costs increase 20% from the baseline rate of 1301 $/kw to 1550 $/kw

N if space fabrication is not used for the waveguide. This 20% inéredse holds up to a wave~
/I guide wall thickness of 50 mil.. At a thickness of 100 mil, the increase in cost.is 50%.
Figure 3.5-16 summarizes the cost delta’s as a function of waveguide wall thickness.

3.5.3 MPTS Structural Costs

s ,,"_'- .. ' The cost elements for mechanical systems ‘and flight operations have been broken
. down into the following subdivisions: .

e Primary and secondary structire
- Materials

§ ; - Manmufacturing

¢ Materials transportation

@ - Assembly.

Cost parametrics for the structure are in 1974 dollars dnd inciude the cost of
materials and thermal coatings. The manufacturing processing costs for prelaunch forming
of beam elements and application of thermal coatings are included. Cost relationships are
in the form of $/Kg.

3'. 5‘19 1
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e 001 N, WALL THICKNESS
0816/ NO AMPLITRON) .

1L8/FT A O081N. WALL THICKNESS
(NO.AMPLITRON)

o 0.10 IN. WALL THICKNESS-
(NO AMPLITRON)

3LeFe

NUMBER OF SHUTTLE FLTS

BASELINE ASSUMING IN-ORBIT MANUFACTURE

FROM 0.0 IN. FLAT STOCK
i " 1 3 1 L d
4 [ 8 10 12 14 18 '
 TOTAL WAVEGUIDE WEIGHT MLB i

Fig. 3.5-16 Tratfic Raquirements ss Fuiictici of Wavequide Waight ind Packagiity Density

e FLTPLAN3 :
— LOWALT ASSEMBLY :
~ YR ASSEMBLY PERIOD
WAVEGUIDE WALL THICKNESS, IN. (ALUM.) \
0.01 005 0.1
& BASELINE 5SPS COSTS, $M
- RECURRING 11163 - -
- TOTAL 6427!
e COST,8$/Kg 5719 - -
KW 1304
é DELTA COST DUE TO PACKAGING .
- DELTAFLTS , 15 18 247
— DELTA SHUTTLE PLEET SI12E 4 & ?
- DELTA RECURRING COST, $™ 144 144 252
- DELTA OPS COST, $M 12075 12078 26935
~ TOTAL DELTA,$M™ 13818 13515 28455
e TOTAL COST INCLUDING WAVEGUIDE
PACKAGING PENALTIES, M 77794 77794 92734
o TOTAL SYSTEM WEIGHT, MLB (MKg) 28 322 41.2
o COST RATE, $/Kg 683 830 4946 |
$IKW 1585 1855 1854 i

Fig. 3.5-16 Trinsportation end Assermbiv Cost Sensitivity to Waveguide Packeging Demsity o l

3.5-20

e —




PR
[ ——
PR ——
————————
PRSIURRE—
e ————
P

Y - Materials Traneportation costs are evaluated for a low altitude assembly site
only. iae hgh altitide option was deopped because of-the non-competitive costs (see

Subsection 3.5.2), The cost.of transporting assembly crews and in-flight processing
modules are not included under this cost element.

Assembly costs for the structural materials (i.e., aluminum and graphite composites)
options considered wore assumed the same. The results of the dssembly cost comparison
(Subsection 3.6. 2) were used to establish a proportionate cost for support equipments,

SEP transportation coct, etc. based on antenna weight relative to the entire SSPS. The
ussembly cost of structure varies with the number of joints or pieces of material that
must be assembled and is independent of the proparties or weight of the material.

3.5.3.1 Materials and Manufacturing Costs

The microwave power transmission section of the orbiting solar energy collector can
be designed from advanced composite material or aluminum to meet three criteria. These

-are (a) 30-yearlife, (b) low or zero thermdl expansion.and (¢) operating temperature

range between 450°K and 480°K. This structure can be designed as thin=wall tubes, 3-6
inches ih diameter, 18m (60 ft) or less in léngth, or as thin (0. 010) slats which roll up to
& helix 4, 6m (15 ft) in diameter.

A summary of material and processing costs are given in Fig. 3.5-17 for several
candidates. —Thermal control coatifg costs are included.

Material costs were obtained during the week of August 19, 1974 from Grumman
purchasing agents, who are in direci contact with vendors and who used most recent pur-
chase orders and quotes as their basis. These costs are listed in Fig. 3.6-17 as "present
material cdést", and would be the price paid-today for 2 large quantity order. The only ex~-
ception {8 2-mil-thick graphite/epoxy 3-inch-wide tape whose price would drop from
726 $/Kg ($330 per 1b) (which is the small batch cost) to less than 210 $/Kg ($100 per Ib)
for large volume oiders; a firni price could not bé obtatred from the vendors.

Minirhuin prices shown in Fig. 3.6-17 are generally the same as present prices or
are based on recent prices (e.g. 236 $/Kg ($107/1b) for boron/epoxy in Janudry 1974),
projected near term lower costs (e.g. 44 $/Kg ($20/1b) for graphite/epoxy) or different
forms of the materfal (e.g., Kevlar prices, aluminut alloy types).
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Maximum prices anticipate a 20~26% inflationary raise during the 1974-1976 time~
epan for most of the materials listed in Fig. 8,617 except for the Kevlar makimum price
which is a more expensive fornm of this particular niateriul. Kevlar prices may drop {n
the near future as usage of this man~made fiber increases.

Procesdsing costs were based on a recént study for the VFAX airplane design in
which an analysis considered metal and composite designs. These costs dre based on the
current $14-$16 per hour manufacturing rate, They reflect a 75-80% learning curve,
with maximum cost taken at Ship No. 1 and minimum cost at Ship No. 160. It is understo
that 150 ships may not be built, but that within each ship there exists sufficient repetitive
structure such that mass productizn of identical items will tend to lower unit cost as mor«
and more items are built, ‘

For further in-depth reference the reader is directed to Ref 17.
3.5.3.2 Transportation and Assembly

Figure 3.5-18 summaurizes the cost reldtionships used in comparifig MPTS stnictur
options. The cost of materials transportation assumes the Shuttle can deliver 29.4 x 103
(65 K/1b) to 190 n mi at 4 cost of $10.5M per flight. In the four month period allocated to
the assembly of the antenna, eight flights were needed for transnottation of consumables
and personnel (see Subsection 3.5.2). It is d8sumed that the type of material used in the
construction of the antenna does not afféct this réequirement. The cost of equipments for
support of assembly and the cost of SEIS transportation to geosynchronous was allocated
in proportion to the baseline antenna weight to solar array weight ratio used in the traffic
mod2] assessment and was assumed {rdependent of structural material.

Figure 3,5-19 shows that aluminum is the low cost material for the antenna strictu
The three grapliits,/composite 6ptions evaluated are:

¢ Graphite/epoxy - 5 mil material
¢ Graphite/epoxy - 2 mil material

e Graphite/polyimide - 2 mil material.

.

The increased cost of the graphite composite materials and prelaunch processing
relative to aluminum is greater than the transportation cost savings achieved with the
lighter material. These composite ¢ost estimates are based on projected costs of graph!
materidl {n quantities of a few thousand pounds. Veridor contacts have indicated, howeve
that large quantity orders (milifons of pounds) may significantly reduce these costs.

3 . 5"23




ALUMINUM GRAPHITE/EPOXY
MATERIALS TRANSPORT.COST. $/LE ($/Kg) 162 (357) 182 (357
TRANSPORT OF PERSONNEL, EQUIF & CONSUMABLES, _
&M 84 -7 3
ASSEMBLY
EQUIPMENT (0.2 OF TOTAL SATELLITE REQMTS), $M 275 76
FLT OPS (0.2 OF TOTAL SATELLITE REQMTS), $M 149 149
Fig. 3.5-18 MPTS Structursl Cost Estimate Assutptions
MATERIAL ALUMINUM GHRAPHITE/EPORY GRAPHITE/POLYIMIDE
. i 5-MIL LAYERS 2-MiL. LAYERS 2-MiL LAYERS
_ r DIAMETE? km 1 1 1 1
COATING ALZAC WHITE PAINT WHITE PAINT WHITE PAINT e
TRANSMITTED.
POWER 645 648 645 645
LIMIT WASTE HEAT @ ANTENNA .
2 CENTER w/m?2 3600 3600 3600 8000
TRI BEAM CROSS SECTION TRIANGULAR HAT | TRIANGULAR HAT | TRIANGULAR HAT | TRIANGULAR HAT
¢ WEIGHT, KL8 (1000 Kg) ‘
5 PRIM STRUCTURE 300 (137 207 (94) 207 (94) | 207 (84}
SEC STRUCTURE 103 (47) 65 (30) 65 {30) €5 (30)
SUPPORT STRUCTURE 2313 {106) 187 (71 167 (7%) 167 (71)
YOKE & MECHANISM 148 (88) 122 (66) 122 (568) | 122 (66)
COATINGS 46 (21) 49 (22 49 (22) 49 (22)
N SUSARRAY ACTUATORS 268 {122) 268 (122) %8 (122 | 28 122}
SUBARRAY ATTACH STR 61 (23) 36 (18 38 (18} 36 (18)
: TOTAL 1147 522) 004 (411) 04 (411) | 904 411)
! RECURRING COST ($#)
: ~ MATERIAL 0918 18.080 126.560 128,888
~ PROCESSING , 38,482 135.600 176.280 194.575
— MATERIALS TRANSPORT 186.814 148.448 148.448 146 448
SUB TOTAL 265.614 300.128 449.288 470.891
~ ASSEMELY & FLT OPS 373.900 373.900 373.900 373.900
TOTAL ($M) 620.614 674.028 823.188 844.791
Fig. 3.6-19 MPTS Structural Concept Comperison
GINAY. »
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Section 4

TECHNOLOGY ISSUES

This section includes an initial listing of MPTS technology idsuées. This listing identi=-
fies areas in technology where more work needs to be done and suggests approaches for ac-
complishing these tasks, No attempt has been made at this time to categorize or combine
these technology programs.

4.1 CONTROL SYSTEM
4,1.1 Evaluation of Alternate Power Transfer and Drive Devices

Slip rings and flex harnesses are power transfer devices most commonly used in
spacecraft. However, these systems, principally the slip ring approach, require many
mechanical intérfaces. Potential reliability advantages can be envisioned with the use of
rotary trangformers for power transfer and direct drive linear induction motors for drive
power, Potential payoffs in reduced maintenance or logistic requirements and lower friction
justify further study of these devices for the MPTS.

4.1.1.1 Background

Slip rings and flex harnesses are the only flight-demonstrated methods of power
transfer across rotating joints. Because of the project scale of the MPTS, in size _urrent
carrying capacity, and mission duration, it is deemed critical to further evaluate rotary
transformers and linear induction drive devices.

These devices are relatively new applications for a space environment. A rotary
transformer 2nd linear induction motor drive combination has many advantages including no
wear or wear products, no arcing, negligible friction, no viscous drag from liquid contact,
and energy transfer relatively unaffected by the presence of oil, water, or other contami-
nants, Further design and experimental work is required to determine the practibility of
such a device to the MPTS,

4.1.1.2 Desired Output

¢ Conceptual design to determine feasibility, weight and cost of rotary
transformer/linear induction motor

¢ Outline of scaled down prototype test program which will lead to developnienit
of full scale model,

1-1
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4,1.2 Detalled Control System Analysis

The preliminary analytical study performed.inn-support of this contract inchided an
assessment of probable potiting accuracy, control torque requirements, horsepower require-
metits and. control system bandpass frequency. These results were obtained using simplified
system.models so that the most significant factors could be studied. These simplifications
may result in not identifying key dynamics problems associated with spacecraft to antenna
structural dynamics and non-linearities in the mechanical eléments of the control system,

40.10 2. 1 Bac‘(gromd

A more in=depth study which considers non-linearities and structural dynamics would
modify and complicate the control system design. . The first step in a refined study would be
the development of an accurate se. of structural modes of vibratton for all frequencies up
through that of the control system bandpass frequency, This is.required to understand
system stability and performance in a realistic manner.

These bendihg modes couple into antenna motions through friction effects in the bear-
ings and gear trdins, and by physically perturbing the antenna through motion cross-coupling
into its two-axis gimbal systém, The preliminary study documented here addressed these
effects; however, 4 much more detailed investigation is required.

The torque drive-gear chain system has within it the factors of flexibility, friction,
backlash, and hysteresis. These were briefly considered in the preliminary study. They
were neglected in the preliminary analysis, but they must be considered in more detail.

Disturbance forces which must be considered in further analysis efforts are due to
" angular momentum cross—coupling, gravity gradient, magnetic field interaction, and solar
pressure, Preliminary study indicated that these might be initially neglected because of the
dominating influence of friction forces and structural mode oscillations, which were con-
sidered.

It is possible that detailed study efforts will show that many of these aforementioned
factors are critical effects on control design and performance. It may also be found that it
is not possible to calculate or estimate some of these factors with sufficient aceuracy to
provide the necessary control performance acetiracy, In that case a type of "adaptive"
control design may be required where a special estimator logic (Kalman Filter) can update
the knowledge of these factors and adjust the control system gains appropriately.
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4,1.%.2 DésiredOutput
o _Detailed contiol system design
o. In-depth stability dnalysis

«.. Pointing aceuracy sensitivity to configuration uncertainties
¢ .Full $-dimensional math-model simulation demonstration,
4,2 STRUCTIRAL SYSTEM
4.2.1_Composite Structures. and Assenibly Techniques

The attractive combination of strength and mitss properties peculiar to advanced.com-
posites makes these materials strong candidates for the antenna structure. High strength,
gtiffness, and 16w thermal expansion are desirdble properties. The initial studies of the
MTPS shows these materials to be cost competitive,

4.2,1.1 Background

Up to tkis time much of the mechanical properties data for advanced comp&sites have
been establisked for short-duration aircraft and spacecraft missions, The drtennha struc-
tural designs would-employ composités in-much thinner gauges than has been normally used.
Development of mechanical properties in thih sections (6 mil rahge) must be vexified,
Durability of organiic matrix materials it orbit must be reliably predicted based on sound
test datd.. These verification tests for long-duration life times (30 years) must be initiated
as soon ds posstble,

Methods of.assembly and manufacture in space must be evaluatéd to determine overall
feasibility of composites to MTPS application, 'Creep fatigue from thermal cycling in a
gpace environment should be a long-term advanced study for these rateiials. Bonding
niethods used to join members in a space environment needs definition.

4.2.1.2 Desired Output

¢ Sufficient data to support design of MTPS structure using thin members ina
geosynchronous altitude environment for a 30-vear period, This data should
determirie materials strength degradation due to fatigue, radiation, temperature
and outgassing

¢ Methods for manufdcture in space, Low cost methods of transporting raw
materials to a space~based factory and subsequent automatic manufact.re of
basic structural elements

e Methods of joining and Honding basic structural elements into large st=:cture,
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4.2.2 Tenston Brace Antenna Feasibility Assessment
4.2.2.1 Background
The Tension Brace coficept may offer weight.dnd cost atvantdgés over a built=up

section appyroach. The flat array is relatively insensitive to. out~of-plane thermal distor-
tions since the braces maintain a positive force on the flat array tension wires. The btace

. and flat array wires can serve as both structural members and conducting elements.

In order to assess the concept feasibility structucal arirangement deawings must be .
drawn, structural members need to be sized, the combined effects of thermal cycling,
long ternicreep on wires, joints and braces need to be evaluated, and the feasibility of
using structure for-power ttansmission needs definition. In addition, methods of assembly
to produce a flat pre-tensioned.array in space needs to be evaluated along with alternate
materials and relative costs.

4.2.2.2 Desired Output

¢ Preliminary drawings of configuration optiens and selection of one of the following:

- Square array
- Triangular array
- Round artray

¢ Selection of rectangylar, triangular or radial grid for the flat array

e Recommendation of the number of braces per assembly, brace size and wire size
¢ Material options

¢ Method of assembly in space

o Long term sti‘ength/thermal and creep effects on wires and Litdces

e Structural weight/cost analysis comparing three tension brace options with
built-up section apjroach.

4.2.3 Local Crippling Stress Evaluation

A study is required for the prediction of local compression crippling failure modes of
very thin (0.1 - 0,156 mm) structural sections for various materials. The study should in-
clude tubular as well as other structural shapes such as hat sections, channels angles,
sections of circles, etc. Of prime interest in the evaluation are the effects of inftial im-
perfections induced in the fabrication process.

4-~4
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4.2.3,1 Bickground

Some test datd has been generdted in the_low thickness ranges and.aré suniniarized
in the NASA Handbook of Structural Stability. However, the thickness does not eéxtend in_
the ranges expected for the antenna structure; in addition, various materials should be
evaluated such as the graphite/epoxy, Kevlar 49/epoxy, etc,

4,2.3.2 Desired Output

Local instability design curves as function of-parameters such as section geometry,
initial imperfections, materials properties, applied axial compression load and temperature-
load time histories.

4.2.4 Design Environments

A study of all the structural design énvironments induced on the antenna during launch
into low and synchronous orbit is necessary. This study should establish the design condi-
tions induced during fabrication and assembly in space, with consideration being given to the
30-year life réequirement.

4.2.4.1 Background

No data is available on the design eénvironments for lar, . structures of the type to be
used on the antenna. Of particular interest (and related to the fabrication process) are the
environments induced in assembly, operation dand refurbishment during the 30-year life,

4.2.4,2 Desired Output

Structural design environments including acoustic, shock, acceleration, vibration,
temperdture, meteoroid, etc.: in addition the above are affected and influenced by the
30-year life operation.

4.2.5 Optimum Anténna Structures

The cost of the MPTS is strongly dominated by the mass of the antenna support
structure. Significant cost savings will be offered by an optimum structural arrangement
for the environmental conditions and stiffiess requirements, A study that takes into
consideration the following factors should be performed:

¢ Geometry
¢ Design environments including effects of meteoroids

s Life requirenient (fracture, creep, fatigue creep buckling, étc.)




¢ Materials app}ications
o Stiffiess reduirements
¢ _Feasibility of fabrication and agssembly
Considerdtion to be given.to various configurations of structural elements dand shapes.

4.2.5.1 Background
None available on large space structures of this type.
4.2,5.2 Desired Output
Design.data and typtcal structural design arrangehents which will satisfy the expected
requirements.
4.2.6 Finite Element Model Development.

Finite element models of selected structural arrangements_are needed-to evaluate
the antenna structural responses to thermal and dynamic loads These models would
ensure that a particular design configuration would satisfy the deflection limit~.ions and
pointing accurdcy requirements. As part of this study to devalop finite ele:nent models,
consideration could be given to developing a member loading system by int vedsing or
relaxing cdble loads based on 4 deflection sensing system in corjunction with dit ex-bodtd
computer and cable loading/unloading drive system. . The objective of this system is to
correct any large induced deflections which may occur in the 30-year life due to load and
thermal distortions as well as creep.

4.2.6.1 Background
None dvaildble.
4,2.6.2 Desired Output
Eeasibility of typical design concepts to meet requirements,

4.2.7 Composite Waveguide

The MPTS waveguide will experience extremes in thermal environment and may
require tight dimensional and electrical stability throughout these extremes. Composites
offer the poténtial to meet these requirements at low weight and high strength,

4,2.7.1 Background

The Alr Force Materials Laboratory at Wright-Patterson Air Force Base (Ref 17
and 19) has completed studies on manufacturing methods for dimensionally stable composite
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mictowave conipsnents. Components were made of graphite/epoxy and in-all cases: were—
found fo meet.criveria of temperature stability, reproducibility and reasonable cost. These
components were tested for mechanical dnd electrical properties in a temperature range
betweeh 117 t0.394°K (-260 to 250°F),

Application {o the MPTS would require cost-effective manufacture of composite
components in significantly larger lengths, and tested inh & much harsher énvironment:
50 to 600°K (-370 to 620°F), Manufacturing techniques for interfacing microwave con-
version devices such as amplitrons and klystrons are required. iaterials other than
graphite could lead to a more cost-effective total system. One such madterial is Kevlar.
This matérial has a téndency to degrade in the presence of UV radiation and coatlng methods
to preclude this degraddtion would be required. ‘

4.2.7.2 Desired Output
e Manufactiiring methods for long length cemposite material
¢- Material tests at the temperature extremes
e Radiation characteristic testing
e Manufacture costs
¢ Extent of UV degradation
¢ Suitable protective coatings.
4.3 THERMAL SYSTEM
4.3.1 Maximum Temperatuve

For a given microwave convertér efficiency and antenna diameter, the power trans-
mission capdbility of the MPTS is limited by the maximum permissible structural tem-
perature. Potential payoffs for greater power transmission and wider selection of
structural materials to choose from warrant studies for reducing the maximum tempera-
tuie experienced by the structure,

4.3.1.1 Background

The Gaussian waste heat distribution of the MPTS causes peak temperatufes in the
center of the anterina support structure thdt afe 200°K hotter than the temperatures at the
edges. If one material is to be used efficiently throughout the stricture, all of the
structure should bé near the maximum working temperature of the material, ™ i1
maximize the transmission capability of the MPTS, Studies are required to eval.ate




various techiiques for smoothing out fe Gaussidn waste hieat-distrilv.::on. (An important
byproduct of this smoothing will be smaller temperature diffeiences vetween structural
members,) Technigues for smoothing the distribution thdt should Be 2avestigated are:

(1) the use of geometrically and spectrally selective radiators, (2) heat pipes to transport_
heat away from.the center and-(3) through the selection-of the constant p in the microwave
converter spacing eduation 1 = 1 min, éxp (r/p)z. It {s recognized that this constarit will _
affect the microwave transmission efficiency and theé-total power that can be handled by

the MPTS.. A study that includes the effect on structurdl temperatures is required to
establish the p value that results in the maximum power received on Earth.

As part of this study to increase the power transmission.capability of the MPTS and
increase theé choice of structural materials, it is recommended that the effect of coatings
on reducing the maximum structural temperature be investigated. Seclettive use of coatings
will also offer minimization of temperature differencés between structural mémbers.

4.3.1.2 Desired Outputs

¢ Conceptudl design of geometrically and spectirally selective radiators_along with
their attendant MPTS power level inicremerits

¢ Performance requirements, installation considerations, and redundancy aspects
of heat pipe designs along with their predicted power level increments. Due to

the high teperaturés /300 - 500°K) the heat pipe designs will involve new
developments

¢. Selection criteria for the spacing constant p that provides maximum power
received on the ground for a given antenna size and maximum structural
temperatire

¢ Candidate codtings fof the structural members with their attendarnt power level
increments, Consideration for minimizing temperature differences between
elements by selectively coating the members should be part «f this study. The
degraddtion performance of the coatings must be examined s~ z& to ensure the

30-year design life of the MPTS. A test program for obtai~.-s the necessary
degradation data should be outlined as part of this study,

4.3.2 Transient Analysis

The greatest uncertainty in thé stress levels that the structura. s.embers will
experience is due to the stress induced by the different t-ansfent thes - 2] rosposes of
the varfous structural members. To ensure that the lightest possib.: stfucture is used
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this uncertainty must be eltiminated, i.e., a detailed study of the transient thermal per-
formance of the structure must be performed.

4,3.2.1 Background

Twice each year the MPTS will be shadowed from the Sun by the Earth, While in the
Edrth's shadow there will be no waste heat., The only source of heat to the MPTS will he
5-6 w/m2 from the Earth's infrared emission and albedo. The structure will drop to
approximately 75°K (-335°F) during the 72 minute occult period. Stresses will be induced
as a result of components with low thermal inertia cooling and shrinking more rapidly than
the "Heavier" ones. The counterpart of this preblem with the MPTS coming out of the
shade and into the sunlight will also have to be investigated since the members will be
stressed differently in the two situdtions, Identification and modelling of the critical
suppert structure elements will be required. A thermal model of the antenna waveguide/
radiator surface will be necessary to provide the thermal inputs to the stricture as the
entire MPTS moves in and out of the Earth's shadow.

4,3.2.2 Desired Output

é Transient temperature responses of crifical structural members during cool-down
and heat-up as the MPTS poes in and out of Earth's shadow

& The stresses induced in the structural members as a result of differential
" contractions/expansiens caused by the different temperature responses.

4.4 ASSEMBLY
4.4,1 Assembly Cost

The greatest uncertainty in éstablishing accurate cost estimates for the MPTS is the
estimate of assembly cost. In the development of assembly cost estimates, the amount of
resources (manpower, facilities and materials) required to produce the end product must
be known., Manpower-costs are of two types: recurring and non-recurring. Recurring is
the effort assotiated with the fabrication, assembly, integration and test of flight kardware.
Non-recurring cost is the effort associated with manufactuting and testing prototype or
test hardware. This effort also includes the cost of tooling and peculiar support equipment.

4,4,1.1 Backgrouhnd

Thiree basic methods of developing manufacturing cost cstimates are used: grass
roots, analogous and parametric. Grass roots cstimatés are hased on hbutlding up from
detailed estimates arid require good defirition of the parts to be fabricated, the methods
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to be used dhd the egtilpmenit required. Analogous estimates use comparisons with past
programs. . This methiod requires historical-cost data and the exercige of judgiment to
determine a representative prograh for comparison and adjustment fof varying com-
plexity factors, Parametric¢ estimates use mathematical formulas based on significart
variables related to physical or performance characteristics of the system.

Since there s no historical data based for space antennas, a combination of grass
roots and analogdus techniques is required to develop cost estimates. A baseline-design
is required which is sufficiently detailed to determine the cost drivérs-and major cost
elements. These can then be related to cost data on fakirication, assembly, and erection
for large aluminum structures or ground based antennas,

4.4.1.2 Desited Outputs

¢ Baselihe design to determine:
- Elemett fabrication method
- Joint design
- Matertals
- Assembly and eréction procedures
- Packaging arid delivery techniques
- Alignment procedures
- Tooling and equipmient requirements
- Facility requirements

o Analysis of cost data for érection of representative aluminum structures
¢ Preliminary plai for manufacture on earth
¢ Analysis of space assembly techniques
¢ Analysis of astronaut capabilities to perforin assembly tasks
¢ .Analysis of specidl equipment requirements.,
4.4.2 Man's Hole in Assembly and Maintenance

The Apollo and Skylab programs demonstrated man's capability to wor. successfully
in zero gravity, Future work in space will require teams of men to assemble enormous
structures across vast arcas over weeks or months, The jobs that mari ¢an and must do
{n the transport, assembly, positioning and maintenance of the MPTS need to be identified,
The equipment needed for these jobs and the design of the MPTS to aid job conduct strongly
{nfluences the operational concepts selected.
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4.4.2,1 Background
The assembly of the MPTS {nvolves these human factor and safety concerns:
¢ Life support equipment
e Mobility and restraint methods/devices
& Special tools dnd aids
» Stability and structural integrity of space structure when "man handled"
¢ Work site volume, power, attitude control, etc., requirements
e Manipulator interfdces: electrical, mechanical and procedural

e Environmental protection requirements for solar flames, micrometeorites
and microwave radiation

¢ Safety in mating large structures and installing/checking out high voltage/
high amperage equipment.

Maintenance of the MPTS requires answefs to these quéstions before design concepts
are firmed:

¢ Should the system ever have a plantied shutdown? For what reason and for
how long?

¢ . Will maintenance by men be done from the microwave radiating side of the
antenna? From the heat rejection side of the assembly?

e What materials or devices can be tailored to protect men and/or equipment
from microwave radiating hazards, but still provide visual {nformation on
dotivity progress?

e Are equipment requirements for MPTS assembly operations compatible with
equipment requirements for maintenance? Should they be compatible ?

4.4.2.2 Desired Outputs

Remote control activity descriptions
Crew roles and job descriptions
Crew equipment requirements

Crew safety constraints

Work sfte requirements
Maintenzgnce philosophy

Simulation requirements.

e 6 &6 & & @ &
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Section 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

The following summarizes significant conciusions for the mechan-
ical systems and flight operations.

a, Rectangular grid structural arrangemerit with tri-
angular has section is recommended for basic members 6f the trans-
mitting antenna structure.

b. Aluminum, graphite époxy, and graphite polymide
are recommended candidate materials.

C. Aluminum materials result in thé prohable lowest

cost and development risk program with thermal limits being their most
critical area.

d. Composites are attractive for low thermal dis-
tortion and high temperature operation (polymide), but ultra-violet
compatibility, and outgassing leading to rf dgenerator contamination
need investigation.

e. Assuming the Shuttle as the transportation sys-
tem, low altitude assembly is recommended. The associated transpor-

tation and assembly cost for $10.5M/launch is estimated to be near
600 $/kg.

f. Advanced transportation system needed for low cost
vf large payloads to earth orbit at relatively low launch packaging
densities for the payload. Low cost advanced transportation syste
required to transport assembled or partially assembled systems from
low earth orbit to geosynchronous equatorial orbit.
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g. Orbital assembly requires remote controlled
manipulators.

h. Maximum on orbit manufacturing and assembly will
be necessary when using the Shuttle transportation or other options
with small volume capacity trequiring high launch packaging densities
to achieve payload performance.

5.2 RECOMMENDATIONS

Technology issues for mechanical systems are listed and dis-
cussed in Section 4 of Section 8 (Mechanical Systems and Flight
Operations). This listing identifies areas in technology where more
work needs to be done and suggests approaches for accomplishing these
tasks. The following simplified list is incorporated here as recom-
mendations for further detailed investigation.

a. Evaluate alternate power transfer and drive

devices for the rotary joint.
b. Conduct detailed control system analysis.

c. Conduct detailed investigations of composite

structures and assembly techniques.

d. Investigaté tension-brace concepts and compare
them with the built-up section approach.

e. Evaluate the local crippling stress characteris-
tics of the basic thin material elements of the structure,

£. Establish the design environments fotr launch
into low earth orbit, transfer to synhchronous orbit as well as those

associated with fabrication and assembly.
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